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Sir: 

I, Denise Faustman M.D., Ph.D., hereby declare that: 



1 . I received a Ph.D. and M.D. degree from Washington University in 1987. 1 am currently 
an Associate Professor of Medicine, Harvard Medical School and Director of the 
Immunobiology Laboratory at Massachusetts General Hospital. I perform research in the field 
of Autoimmunity and Transplantation. I have spent the last decade researching the nature of the 
molecular defect in T-cells that results in the development of autoimmunity. This work led me 
to discover a novel way to treat spontaneously autoimmune mice, accomplishing for the first 
time ever, the permanent reversal of established diabetes. My research publications relating to 
autoimmune diseases include the following: 

Penfomis A, Tuomilehto-Wolf E, Faustman DL, Hitman GA. 

Analysis ofTAP2 polymorphisms in Finnish individuals with type I diabetes. 

Hum Immunol. 2002 Jan;63(l):61-70. 



Hayashi T, Faustman DL. 



Selected contribution: Association of gender-related LMP2 inactivation with autoimmune 
pathogenesis. 

J Appl Physiol. 2001 Dec;91(6):2804-15. 

Ryu S, Kodama S, Ryu K, Schoenfeld DA, Faustman DL. 

Reversal of established autoimmune diabetes by restoration of endogenous beta cell function, 
J Clin Invest. 2001 Jul;108(l):63-72. 

Hayashi T, Faustman DL. 

Implications of altered apoptosis in diabetes mellitus and autoimmune disease, 
Apoptosis. 2001 Feb-Apr;6(l-2):31-45. Review. 

Hayashi T, Faustman D. 

A role for NF-kappaB and the proteasome in autoimmunity. 
Arch Immunol Ther Exp (Warsz). 2000;48(5):353-65. Review. 

Hayashi T, Faustman D. 

The role of the proteasome in autoimmunity. 

Diabetes Metab Res Rev. 2000 Sep-Oct;16(5):325-37. Review. 

Hayashi T, Kodama S, Faustman DL. 

Reply to *LMP2 expression and proteasome activity in NOD mice' 
Nat Med. 2000 Oct;6(10): 1065-6. No abstract available. 

Yan G, Schoenfeld D, Penney C, Hurxthal K, Taylor AE, Faustman D. 
Identification of premature ovarian failure patients with underlying autoimmunity. 
J Womens Health Gend Based Med. 2000 Apr;9(3):275-87. 

Hayashi T, Faustman D. 

Essential role of human leukocyte antigen-encoded proteasome subunits in NF-kappaB 
activation and prevention of tumor necrosis factor-alpha-induced apoptosis. 
J Biol Chem. 2000 Feb 18;275(7):5238-47. 

Hayashi T, Faustman D. 

NOD mice are defective in proteasome production and activation of NF-kappaB. 
Mol Cell Biol. 1999 Dec;19(12):8646-59. 

Fu Y, Yan G, Shi L, Faustman D. 

Antigen processing and autoimmunity. Evaluation of mRNA abundance and function ofHLA- 
linked genes. 

AnnN Y Acad Sci. 1998 Apr 15;842: 138-55. 
Faustman DL. 

Gender is important: lessons in autoimmunity. 

J Womens Health. 1997 Oct;6(5):521-2. No abstract available. 

Yan G, Fu Y, Faustman DL. 
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Reduced expression of Tap 1 and Lmp2 antigen-processing genes in the nonobese diabetic 
(NOD) mouse due to a mutation in their shared bidirectional promoter, 
J Immunol. 1997 Sep 15;159(6):3068-80. 

Ma L, Penforais A, Wang X, Schoenfeld D, Tuomilehto-Wolf Metcalfe K, Hitman G, 
Faustman D. 

Evaluation ofTAPl polymorphisms with insulin dependent diabetes mellitus in Finnish diabetic 
patients. The Childhood Diabetes in Finland (DiMe) Study Group. 
Hum Immunol. 1997 Apr 1;53(2): 159-66. 

Pinies JA, Fu Y, Vazquez JA, Faustman D. 

New monoclonal antibody diagnostic reagents for type I diabetes: differential lymphocyte 
surface antigen expression related to disease. 
Diabetes. 1997 Mar;46(3):363-71. 

Huang R, Guo J, Li X, Faustman DL. 

Elimination of self peptide major histocompatibility complex class I reactivity in NOD and beta 
2-microglobulin-negative mice. 
Diabetes. 1995 Sep;44(9): 11 14-20. 

Li F, Linan MJ, Stein MC, Faustman DL. 

Reduced expression ofpeptide-loaded HLA class I molecules on multiple sclerosis lymphocytes, 
Ann Neurol. 1995 Aug;38(2): 147-54. 

Wang F, Li X, Annis B, Faustman DL. 

Tap-1 and Tap-l gene therapy selectively restores conformationally dependent HLA Class I 

expression in type I diabetic cells. 

Hum Gene Ther. 1995 Aug;6(8): 1005-17. 

Faustman DL. 

Altered MHC class I expression: a role for transplantation and IDDM autoimmunity. 
Diabetes Metab Rev. 1995 Apr;l 1(1):1-19. 

Li F, Guo J, Fu Y, Yan G, Faustman D. 

Abnormal class I assembly and peptide presentation in the nonobese diabetic mouse, 
Proc Natl Acad Sci USA. 1994 Nov 8;91(23): 1 1 128-32. 

Faustman DL. 

Occult CD45 Tcell developmental defect in type 1 diabetes, 
Diabete Metab. 1993 Sep-Oct;19(5):446-57. 

Li X, Golden J, Faustman DL. 

Faulty major histocompatibility complex class II I-E expression is associated with autoimmunity 
in diverse strains of mice. Autoantibodies, insulitis, and sialadenitis. 
Diabetes. 1993 Aug;42(8):l 166-72. 

Fu Y, Nathan DM, Li F, Li X, Faustman DL. 
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Defective major histocompatibility complex class I expression on lymphoid cells in 
autoimmunity, 

J Clin Invest. 1993 May;91(5):2301-7. 
Faustman D. 

Mechanisms of autoimmunity in type I diabetes, 
J Clin Immunol. 1993 Jan;13(l):l-7. 

Faustman DL. 

MHC class I and autoimmune diabetes. 
Biomed Phamiacother. 1993;47(1):3-10. 

Faustman D, Li XP, Lin HY, Fu YE, Eisenbarth G, Avruch J, Guo J. 

Linkage of faulty major histocompatibility complex class I to autoimmune diabetes. 

Science. 1991 Dec 20;254(5039): 1756-61. 

Faustman D, Schoenfeld D, Ziegler R. 

T'lymphocyte changes linked to autoantibodies. Association of insulin autoantibodies with 
CD4+CD45R+ lymphocyte subpopulation in prediabetic subjects. 
Diabetes. 1991 May;40(5):590-7. 

Faustman D, Eisenbarth G, Breitmeyer J. 

Analysis of T lymphocyte subsets in all stages of diabetes. 

J Autoimmun. 1990 Apr;3 Suppl 1:111-6. 

Faustman D, Eisenbarth G, Daley J, Breitmeyer J. 
Abnormal T-lymphocyte subsets in type I diabetes. 
Diabetes. 1989 Nov;38(l 1): 1462-8. 

2. I have read the Office Action mailed in the above-referenced patent application on 
January 2, 2002, and understand that claims have been rejected for alleged lack of enablement 
and written description. The Office Action states that the specification has "no working 
examples that the administration of any agent that restores NFkB activity treats any autoimmune 
disease and that there is no clear guidance as to how the administration of any agents of recited 
in claim 43 would be administered to intracytosolically increase NFkB activity". The Office 
Action further states that "since the specification has no working examples demonstrating that 
restoring NFkB activity can treat autoimmune diseases it would be unpredictable and require an 
undue amount of experimentation to practice Applicant's claimed invention." 

3. Using the Examiner's comments as a guide, I present the following experimental in vivo 
data to demonstrate that "agents" that stimulate the NF-kB pathway, as disclosed both in the 
present patent application, and in the art available at the time the present application was filed, 
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"restore NF-kB activity" and treat the autoimmune disease, including autoimmune type I 
diabetes and, Sjogren's Syndrome (autoimmunity of the saHvary and lacrimal glands) in an 
animal model. 

4. Scientific Principles & Theory Underlying the Present Invention 

The NOD mouse is a spontaneous model of autoimmunity that mimics in many ways 
human autoimmunity (Silveira PA. Baxter AG. Autoimmunity. 34(1): 53-64, 2001; Exhibit G; 
Kikutani and Makino 1992, Adv. Immunol. 51: 285; Exhibit H; Bach C.R. Acad Sci. 314: 45; 
Exhibit I). The NOD disease is associated with genes in the MHC class II region, females 
predominately get the disease and multiple autoimmune diseases occur in the same animal 
(Research in Immunology 148:301, 1997)These traits mimic human disease. 

The NOD mouse spontaneously gets type I diabetes, rheumatoid arthritis, Sjogren's 
syndrome, autoimmune hemolytic anemia, and auto antibodies reminiscent of a lupus-like 
disease and is thus an accurate animal model for at least five autoimmune diseases (Research in 
Immunology 148:301,1997) The NOD mouse is most commonly studied in the context of type I 
diabetes because the late onset is uniformly lethal within months. The autoimmune disease in 
the NOD mouse is characterized by T cell infiltrates selectively in the organ being destroyed and 
the ability of splenocytes of diabetic NOD mice to transfer disease to young NOD mice that are 
still disease free. This demonstrates the NOD autoimmunity is due to a T cell attack on select 
self-tissues. 

The NOD mouse is a highly studied model of spontaneous autoimmune disease (Silveira 
PA. Baxter AG. Autoimmunity. 34(1): 53-64, 2001; Exhibit G; Kikutani and Makino 1992, Adv. 
Immunol. 51: 285; Exhibit H; Bach C.R. Acad Sci. 314: 45; Exhibit I). The disease 
predominately occurs in the female with an incidence of 80-90% between 20-40 weeks of age 
(Taconic Farms, Germantown, New York) The disease, especially diabetes, is rarely observed 
in male NOD mice. Only about 10-15% of male NOD mice ever develop hyperglycemia 
although the male NOD predominately develops autoimmune Sjogren's Syndrome (Nature 
Medicine 5, 601,1999)This sexual dimorphism in disease penetrance is similar to diverse human 
autoimmune diseases, most forms of autoimmunity predominately occur in females. For NOD 
mice the time frame of disease is that there are almost no signs of autoimmunity detectable in 
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young animals typically less than 5 weeks of age but by 6-8 weeks of age the organs subject to 
autoimmunity begin to show diffuse lymphoid accumulations. A trigger of disease appears to 
occur at this critical age (Journal of Applied Physiol 91: 2804, 2001). 

The scientific literature over the past 15 years has repeatedly shown that therapeutic 
interventions in a young NOD mouse will prevent disease. The critical word here is "young". If 
the NOD mice are 5-8 weeks of age almost anything cures the animals from ever progressing to 
full-blown disease. These successful interventions, numbering over 100 include diverse viral 
infection, bacterial infections, any foreign antibody regardless whether it recognizes CDS, CD4, 
CDS, caramel food coloring, etc. The remarkable treatments appear to stimulate the immune 
system and cause some sort of uncharacterized immune deviation that is permanent and 
beneficial to the animal. 

Unfortunately, up until recently, there has been no therapy that can reverse, halt or 
permanently suspend established autoimmune disease. Once NOD mice are diabetic, the lethal 
form of autoimmunity, the diverse curative interventions listed above are ineffective in older 
animals. The only exception to curing already diabetic NOD mice that has been lethal total body 
irradiation followed by bone marrow and islet transplant from the same donor. Obviously this is 
a very impractical therapeutic solution to translate to human disease. 

The instant patent application recognizes for the first time that a critical trigger for the 
initiation of disease at approximately 5-8 weeks of age is the selective downregulation of NF-kB 
activation/activity. This appears to be lineage restricted and developmentally controlled. Based 
on this recognition, the present patent application teaches stimulating the NF-kB signalling 
pathway to restore immune balance. The claimed invention also permits therapies that treat late 
diabetic disease, a barrier that has never been overcome prior to the instant invention. 

Diverse data included in the present patent application (see Examples 1 and 2, 
particulariy Figures 5, 6, and 7) discloses that NF-kB activation is low or faulty in the NOD 
mouse lymphoid cells. Furthermore we have shown in vivo that the cell populations of 
lymphocytes that possess these defects in NF-kB activation are indeed the cells with autoreactive 
potential. The experiment was performed by me, as follows: Splenocytes (2 x 10^) isolated and 
pooled from diabetic NOD females were transferred to each of 21 irradiated young (4 to 8 weeks 
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old) male NOD recipients. All 21 recipients developed severe hyperglycemia within 10 to 25 
days, with a mean ± SD of 18.4 ± 3.6 days. They also demonstrated a pancreatic islet pathology, 
characterized by extensive and pronounced insulitis, that was indistinguishable from that of 
NOD females after spontaneous onset of disease at 20 to 30 weeks of age. Culture of 
splenocytes from diabetic NOD females with TNF-a for 24 h before adoptive transfer prevented 
the development of hyperglycemia in four (80%) of the five young male recipients for at least 40 
days after cell injection, consistent with the notion that TNF-a induces induction of the NFkB 
signaling pathway in disease causing cells and modifies their ability to transfer or cause disease. 
Examination of pancreatic histology 40 days after cell transfer in the normoglycemic recipients 
revealed mild or moderate invasive insulitis, but with visible islet structures thus showing the 
significant reduction in the disease process. Thus, culture of the splenocytes with TNF-a before 
adoptive transfer appeared to eliminate highly pathogenic cells, thus significantly slowing the 
disease process (Data submitted for publication, Kodama et al. JCI under review). This 
experiment shows that NF-kB induction, at least in vitro, of pathogenic T cells is capable of 
significantly eliminating the disease causing potential of the cells. TNF-a is one of many 
cytokines, including IL-la and p, IL-2, IL-3, IL-12, IL-15, IL-17, IL-18, LIF, THANK and 
TNFp, that activates NF-kB (see for example, Pahl, 1999, Oncogene 18: 6853; Exhibit J). 

Based on this data, studies were designed to evaluate late stages of diabetic NOD disease 
and determine if m vivo stimulation of the NF-kB signalling pathway by a diversity of known 
compounds that work through this pathway will slow, halt or alter late NOD disease course. NF- 
kB is a very widely studied transcription factor and can be specifically induced by select 
cytokines (II- 1, TNF, INF-X), select surface crosslinkers/stimulants (LPS, BCG, CFA) through 
the TNF receptor superfamily (CD95L, CD40, DR3, Fas, OX40, Trail, CD30, 4-lBB, CD27, 
LtbetaR, RANK, DR6) or through intracellular signalling proteins or inhibitors (TRAF, RIP). 
For the TNF receptor superfamily the induction of NF-kB is cell specific. At the time the 
present patent application was filed, over 150 different stimulators of NFkB signaling were 
known in the art (Pahl H.L. Oncogene (1999) 18, 6853-6866; Exhibit J). The known stimulators 
of NFkB signaling include proteins, chemicals, and physical and environmental factors. 
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4. Experiments 



Mice: NOD female mice at greater than 20 weeks of age, a time in disease course considered to 
be late disease or advanced disease were the hosts used for the described treatments. Most NOD 
hosts for these experiments had at least one blood sugar measurement greater than 250 mg/dl but 
in general had not yet developed cachexia with blood sugars greater than 400 mg/dl. Untreated 
NOD mice at this stage after 40 days of follow-up are dead from the untreated hyperglycemia or 
have severe weight loss and very high blood sugars. 

Methods: Treat NOD mice in late stages of disease with either a single dose of compounds that 
induce NF-kB or chronic courses were monitored for duration of normoglycemia over a 40-day 
observation period. 

Experimental Results 



Table 1 



Treatments 



Compound 



Dose 



A. Adjuvants that induce endogenous NF-kB 

BCG 0.5 ml 

0.5 ml 



Duration 



I X 

1 X/ wk X 4 wks 



Normoglycemia 
(d40) 

n (total) 



0 

83% 



CFA 



.05 ml 
.05 ml 



1 X 



1 X/wk X 4 wks 8 



0 

75% 



LPS 



.1 ml 
.1 ml 



1 X 



1 X/wk X 4 wks 6 



0 

66% 



B. Cytokines that induce NF-kB 

TNF-a 



2 ug/ml 
2 ug/ml 
4 ug/ml 



1 X 



2 X/wk X 4 wks 10 



I X 



20 



0 

70% 
0% 



4 ug/ml 


2 X/wk X 4 wks 


20 


85% 


lOug/ml 


1 X 


10 


0% 


lOug/ml 


2X/wkX4wks 


10 


100% 


20 ug/ml 


1 X 


10 


0% 


20 ug/ml 


2 X/wk X 4 wks 


10 


100% 


2 ug/ml 


1 X 


9 


0% 


2 ug/ml 


2 X/wk X 4 wks 


10 


4% 


2 ug/ml 


1 X 


10 


0% 


2 ug/ml 


2 X/wk X 4 wks 


12 


67% 



Model : Diabetic NOD mice generally >20 weeks of age, with two consecutive blood sugars 
>250 mg/dl. 

Goal: Treat NOD mice with known compounds that can stimulate the NF-kB signaling pathway. 
Conclusions 

Using six different agents (BCG, CFA, LPS, TNF-a. IL-1, and INF-X, as shown in Table 
1) that induce the NF-kB signalling pathway in vivo in late stage NOD mice, these studies 
demonstrate the ability to forestall the development of lethal hyperglycemia, a symptom of late 
stage autoimmunity. The induction of NF-kB in these late stage diabetic animals had to be 
chronic; single treatments to induce NF-kB uniformly failed. All animals were killed after 40 
days and the NOD mice treated with chronic therapy, by the listed interventions, had visible 
pancreatic islets with moderate or pronounced elimination of invasive insulitis, indicating 
successful treatment of their autoimmune disease. These successfully treated NOD mice also 
had salivary glands free of lymphoid infiltrates, a sign that the Sjogren's Syndrome had been 
partially or fully eliminated. Splencoytes prepared from these NOD mice receiving chronic 
therapies failed to transfer disease to young NOD mice again confirming the endogenous 
modification of the disease course (data not shown). 
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FROM : immunobToldgy lab 




PHONE ND. 



726 4095 




Jan, 25 2002 06: 46 AM P10 



These results therefore demonstrate that the administration of BCG, CFA, LPS, TNF- ci. 
IL-1 , and iNF- y, all of which belong to the well known class of agents which stimulate the 
NFkB pathway^ to NOD mice effectively stimulates NFkB signalling and treats end stage 
autoimmune disease in the NOD animal model. 

5. I hereby declare that all statements made herein of ray own knowledge are true, and that 
all statements made on information and belief are believed to be true; and further, that these 
statements were made with the knowledge that wilful, false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section lOOl of Title 18 of the United States 
Code, and that such wilful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 





Date 



Denise Fau$tman, M-D,, Ph.D. 



JO 



10262934 25-Jun-02 10:04a] 
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Evidence in humans that there are susceptibility genes for autoimmunity comes 
from family studies and especially from studies of twins. Studies in \DDM, 
rheumatoid 

arthritis, multiple sclerosis, and SLE haye shown that approximately 15 to 30% of 
pairs of monozygotic twins show disease concordance, compared with <5% of 
dizygotic twins. The occurrence of different autoimmune diseases within the 
same family has suggested that certain susceptibility genes may predispose to a 
yariety of autoimmune diseases . In addition to this evidence from humans, certain 
inbred mouse strains reproducibly develop specific spontaneous or experimentally 
induced autoimmune diseases, whereas others do not. These findings have led to an 
extensive search for genes that determine susceptibility to autoimmune disease. 

The most consistent association for susceptibility to autoimmune disease has been with 
the major histocompatibility complex (MHC). Many human autoimmune diseases are 
associated with particular HLA alleles (Chap. 306). It has been suggested that the 
association of MHC genotype with autoimmune disease relates to differences in the 
ability of different allelic variations of MHC molecules to present autoantigenic peptides 
to autoreactive T cells. An alternative hypothesis involves the role of MHC alleles in 
shaping the T cell receptor repertoire during T cell ontongeny in the thymus. 
Additionally, specific MHC gene products themselves may be the source of peptides 
that can be recognized by T cells. Cross-reactivity between such MHC peptides and 
peptides derived from proteins produced by common microbes may trigger 
autoimmunity by molecular mimicry. However, MHC genotype alone does not determine 
the development of autoimmunity. Identical twins are far more likely to develop the 
same autoimmune disease than MHC-identical nontwin siblings, suggesting that genetic 
factors other than the MHC also affect disease susceptibility. Recent studies of the 
genetics of IDDM, SLE, and multiple sclerosis in humans and mice have shown that 
there are several independently segregating disease susceptibility loci in addition to the 
MHC. 

There is evidence that several other genes are important in increasing susceptibility to 
autoimmune disease. In humans, inherited homozygous deficiency of the early proteins 
of the classic pathway of complement (C1 , C4, or C2) is very strongly associated with 
the development of SLE. In mice and humans, abnormalities in the genes encoding 
proteins involved in the regulation of apoptosis, including Fas (CD95) and Fas ligand 
(CD95 ligand), are strongly associated with the development of autoimmunity. There is 
also evidence that inherited variation in the level of expression of certain cytokines, 
such as TNF- or IL-10, may also increase susceptibility to autoimmune disease. 




A further important factor in disease susceptibility is tlie hormonal status of the patient. 
Many autoimmune diseases show a strong sex bias, which appears in most cases to 
relate to the hormonal status of women. 
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linkage diseqidlibrimn mapping* to identify three independent 
associations for Grohif s disease a &uueshi£t variant and two 
miasense wiants of N0JP3» encoding a member of the Apaf-1/ 
Ced-4 supe^muty of «poptosis regulators that is expressed in 
moiiocytesw These N0£^ valiants alter the stnK;tim 
leucine-nch repeat domain of the proFtein or. the adjacent cegloaL 
NOD2 activates nmdear £ictor NB-kB: this activating functkm is 
regnl^ied by the cavbaxy^mnmal Lendne-ridi tepeat duBflUi, 
n^ich has an inMbitory role and also acts as an imracdEhdar 
receptor Cor components of microbial pathogens. These observa- 
tiOEUs si^sest that theN0i>2 gene product confers snsceptibility to 
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a mnfecular model for. the pathogenic mechamsm of Crohn's 
disease that can now be fnither inTestigated. 
Crohn's disease (CD; MIM 26660Q^ occurs pnmaiily in young 
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mdtipkx^ &milies^ iiidiait£iid:^&tvt^^ 
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31 simplex) families, showed a bordec^^sigriificant association 
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ancthei set of 76 ^unllies, aithoiigh with a different alldc (the 
205-bp allele; P < 0.0 1), These two observations may be due to type- 
one errors. Alteaiiatrvely, they may reflect true association in two 
sets of £um]ies drawn from geneticaUy diSerent popiJatiDns. 

The latter hypotfaesi& kd to the foUowing sttat^: a 164-kb BAG 
done (hbSTblG) from the CEPH-BAC library oontaimng D16S3136 
was sequenced completely (EMBL accession number AJ303140). A 
public database seanib extended the sequence of the conesponding 
region to 260 kb but did not identify ^aiacterized ^es> with the 
exception of KIAA0849t viiiich codes for a ubijqtiitin C-tcmmial 
hydrolase homologue in Caenorhabdkts elegans. However, analy$i;S 
by GRAIL and an expressed sequence tag (EST) homology search 
identified many putatrvcly transcribed regions (Fig, Ic), 

Eleven sir^le-nudeotide polymorphisms (SNP 1-11) selected 
from these regions were genotyped, tx>gether with microsatellite 
markers D16S3035 and D16S3136, in a total of 235 available CD 
^milies (Table 1). Strong linkage disequilibrium was observed 
among most markers (data not shown). Several SNPs showed 
significant association with CD by the pedigixc disequilibrium 
tesi? (PUT), confirming the existence of linkage disequilibiium^ 
with the disease locus over the investigated region (spcdally SNP 2, 
nominal P valueO.00002; Table l). 

These observations prompted the characterization of neighbour- 
ing Unigene dusters (Fig. Ic). Eleven overlapping clones, isolated 






-Sn^nrdiistoelis] _ 
geiie and'diowrStini bl^^^ 

disease^r^^ exons of this gene were sequenced in 50 

^unnflfliisd?€^|fi^ sibling pair 

identical by Sesoe^ 16 homologous regions. 

Twoadditional non-syncm^ (SNP 12 and 13), with rare- 

dlde frequcndfis :greatci^^A were identified and subse- 

quently_used to type tlie^5,<!^^ . , 

The PDTWmost significant for SNP 13 (P = 6x 10**), Pamilies 
were divided into two groups: those with at least one member 
carrying die all^ of SNP 13 and those without this aUde. The 
latter groop:pf &miUes;;£^^ to'siiow assodatbn between CD and 
SNP 4-6, and showed considerable decrease in the significance of 
the SNP 2 assodation. This result indicates that the associations of 
these four loci with CD vreie not independent of SNP 13 (Table 1), 
In contrast, significance of die CD associations with SNP 8 and 12 
decreased modestly in these frtmilies, indicating a minimal con- 
tribution of the rare $NF '13 allde to these associations. 

The 8 intragenic SNPs that were initially identified defined 41 
dificrent haplotypes. Three of these revealed preferential transmis- 
sion to affected individuals (l^ble 2). These three haplotypes eadi 
contain one rare allele of SNP 8> 12 or 1 3 in a context of a common 
hadi^ound. Notably, the Iimplotype de&D£d by the same back- 
ground and by the absence of these rare aUdes did riot show sudi 
transmisskm distortion (Table 2), Furthermore, the rare alleles of 
SNP 8^ 12 and 13 were never found on the same haplotype, 
indicating independent association of CD suaccptibility with each 
of three non-synonymous variants of a same gene. 

As a result of these associations* the allele frequencies of SNP 8. 12 
and 13 differed in the group of CD patients as compared with 
oontrob (Table 3). Average risks for CD, computed for genotypes 
containing zero, one or two variants (Table 3), reveded a gene- 
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xoajr 'ilso coatn^^ toi explain tbiieWusadipredsap^ the 
a^dted dbliDg-pair analysis in n]^ppi^{y'$i^^ 

The rare'allde of SNF S im a8Sc>dated^|p<)«^ the.205-bp 
allde of D16S3136 and nqiativdy with tfeiaZ'tbp.allele. The mmt 
assodation was noted for the rare alleles of SNP 12 and 13, thus 
providing a rationale for the initial obfiemtions nkde with this 
mictosatellite marker (data not shown). Genotype ^equendes were 
comparable in CD patiente originating from uniquely and multiply 
afiecied kindred — an observation compatible widi the dose rliniral 
dmilarity of the sporadic and £anii]ial diseases^^ Hie observed 
linkage of CD to chromosome 16 could not be entirety explained 
by the present associations, because GeneHunter analysis of 65 
multiplex femilics without SNP 8, 12 and 13 revealed a component 
of linkage (nonparamettic lod score (KPL) L5> pointwis« signifi- 
cance P<0.02). Thus, other variaaits of this gene or additional 
genes on chromosome 16 may be invobed in CD susceptibility, - 
Genotyping of 167 patients with ulcerative colitis revealed geno- 
type frequencies Gomparable to those of controls} indirating that 
these SNFs were not associated with susceptibility to ukmtive 
cotids — ^an observation in agreement with its kck of Unk^e to the 
lEDl locus*\ 

The candidate IBDl gene has high ezqpiession in leukocytes, but 
low or no expression in the other investigated tissues; including 



g2-r-a m«bDC«;<fe : 
it WyK oiDbilp 

amino terminusto ite (»ibogqr.ten^ is'composoiof two: 

caspase - recniitmezic dowdxis JffA^ nndeotide-bmdxng 
domain<^(NBD)>aiid.^£^^^ag^^ of 
NODihasAindjo^^acliyi^ tipopolysacdiflrides^^ (LPS) 

and ite (Wedon;stodat«T^ 

The tare allete cf SOT'I3"<Sto 1-bp insertion in exon 

10 (980fe) predicted to t rm^te: NQB2^^t|gX^ Those of 
SNP a and 12 cause'nqn-K^nservaH^ in the LRR 

doznaih (G881R)'ind'Itnilie^pSo regbn {M75W), 

respectiveiy (Pig. 2a). Systmatic seqiiow^ of the codii^ aequencse 
of N0D2 reveaJed additional very^iraie^missense variants^ which 
together were observed in S% of controls and 4% of patients with 
ulcerative colitis/iPliiaT>c^^ 17% for CD patients, 

where the most 6eq^ent variants tended to duster in the URR and 
its adjacent regions (Fig, 2b). This excess su^ests that, in addition 
to SNP 8, 12 and 13, more variants in tiiis part of the N0D2 protein 
may be associated vrftihi CD suscept&ility. Thus* the LRR domain of 
CD-assodated variants is likdy to be impaired, possibly to various 
degrees, in its recogoidon of microbial components and/or in the 
pl^ologicd inhibition of N0D2 dimerization, thus lesuhing in 
the inappropriate activation of NP^kB in monocytes. 

Mudi evidence supports baaena-tnduced NF-kB disrcgulation 
in CD. Firsts susceptibility to spontaneous infiammatory bowd 
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Afl heiilD^pn <Mned ty typhg 8 l«ogn^ of eot h 

luamittai or ntxi-tisnernKpcl h^fotMpst ftorn hstodzygpus pariarrte to tli«ir iOKXadc^^ijnQk shomlhs stBltalfe usfld to wakota 
* Indudst ell htjdto^peft where none or Ott rar« aie« d&NPS, 12 or 18 txeiv^^-^'^-^'*^''^' 
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Hflm«2 RepiBsentation of Ifie SO1/N0D2 pnotein variants. The translation pmduct 
(Jedxed tmm In cDNAsequanoe o( the cmAm^ W1 gm Is ldentli;il to that of NQD2 
(ret. 14). The polypeptide carrtsBis tiRiD ca^Kise recruitinent dcmatns a 
nuciwtWa-bWhg domain PD) and ten 27-amlno-acid, leudre-rich mpsats (IflRs). 
Bfack orda indicafias the consansus ssquence of the AT?/6T?-landing motif A (P- 
loop) of the NBD. The $equer»e dtanges encoded Hy the three mam vartams ae&ocEa^ 
with CD are SNP 8 (R87SW), SNP 12 (BSa^R) and SNP 13 (960 frBmeshrf^. TWs 
rrameshmchangesa letmtD aproiInG at position 960. and is ^rnecBateiyfoiiowadtjya 



disease (IBD) in mice has been associated with mutatioiis id ToII- 
Kke receptor 4 (TLR4)— a member of a femity of NP-kB activators 
that is known to bind LPS through its LRR donwin''-™. Second, 
antibiotic therapy^ causes, transient improvement of CD patients, 
supporting the hypothesis that enteric bacteria may have an 
aetialogicd role in CD". Third, NF-kB has a pivotal lole in IBD 
and is activated in mononudear cells of the intestinal lamina propria 
in CD". Last, CD treatment is based on the use of sulphasala2tne 
and glucocorticoids — two known NF-kB inhibitorg^^. 
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stop oodon, 9jP 5 is deserted in Table 1. ITie allele frequencies of tl% Vd281 
polymorphism wera net dgnlffcantJy c&ffarart (0,92:0.0^ In the t\m groim and *e 
conespiHiifing geno^s were m Hardy-Weinbeig eCjuiiibrtAii. Tfie positions of ti» rarer 
missense variants, observBd in 457 CD paSsnis, isg uiceratiuB cQiffis patients and 103 
unaffsctBd unneiated individuals, are ndcatHl for these groups. Left scale Indcates the 
numiierof each kfenttned ;^ant in the mvestlgated gmups; right scale meaajres the 
mutatiGntr^enqr. 



Genetic susceptibility to CD is not limited to chromosome 1^ and 
at least five additional lod have been impUcated^^. The lecogni- 
don of a transduction pathway that, when disregulated, contributes 
to the patLogeneais of CD will acoekiate the discovery of additional 
susceptibility genes. It ynR also contzibute to the identification of 
associated environmental jfactors and focus the search for specie 
tlier^ies. □ 



Methods 

Famlles, mbmatBOHa maricars and config conslmcfion 

Atotilof23iSCD &miliiea<ll7fiiiipkxiuu^^ 36 mnlripW mnjear famJlUs, 

and 22 fidcAded peifigms, aHrre^OFuding to a total of 179 Q3 patuenti and 261 
luufieeced rektiviM) was pzogtcnivGir recruilod oocordins to published dkgtiottlc 
cdloia". In addiiiaa, 100 muUipdoc euid S9 rimpkx uinradvc colitis femilks vrm 
recruited from the sBcne faospitab. liVhttcD bA^mBd Gonsent vas obtaaofld from afl 
|)cirtici|i«iiit&. AU idatires torn 77 multipkx were tfptA fikr 26 mipped 

mkrofiatellite msdoeic wiih im arverage icmUmi of 1<M becmeo S?N and D16S4D& 
We construoed caint^ nains swen pRnovsty localixed sequence tag sites (SlSa; 
DltiS54U D16S3035. DI6S91S6, D1«S?1L7, Dl^STTO, DI$S41«, DUiSjti25) and nib- 
uqueml^ additional aaa (ni-9Z88^ vi-169&5w ^-17274, ^31d23> sec-52374, 
!itSG-30O35^ i«i-Sai2, D16S7€6) and 79 imw STSs derived ham the end sequencer of the 
isolated BAC 



aonq^lias of pstientar &tnplg lietaia^us. presence of a fiing^e rare vaffent; hOrtii?ZfflDU&, 
pi«aertteodtt««snAvartanit m both chrtnuE^mes lOi ootipound ^fitensygau6, pna&efttdof turn 
dllferwtveilBnts&ndnovvlanL nskdCOtereachgenotypebcoinputeduajrn^ 
oTcineporl WflTd Her<y-VV^rt)qT9 equfllMumlbrth^ 

tflree m/s variants Cf SNPS, 12 aid1 S wog nsuBrobBBrwd on (he aains haptotypa. UC, utbera&o 
ooftfcj. 



Ctonsa, sBqumng md SNPs 

Tfie DNAof BAC done hbftTblO ootftiuimg D1^I36 was fn^axoted bj soniation and 
sobdooed b bdutenqph^ge UiX Weiued sequencei fimi both muds of TVti anbdoDes 
and from primer wdUi^t to lenmsmict tiK iaiti^ 
{Impr/^mwphnpioiB). Identic leanih in DXA dittibm Identified two OTdl^rpiiig 
setpeneed BACi (AOQOTaS^i GenBank; AC0O7728, GenBank). Homolosir tsaxdL 
pcddncdl on the exteoded sequeocB witb BLAST vL4 in GcoBaok idOK 114. ide&dfied 
10 Umgene'duEten;. the fcHiowing EST doiaes c ou e sp o m liag to tome of ^loe dmwn 
wm obtaioed &mn ifae American lypcr Ciihure CoOectioiL (http://mPWJlcx;oig) ud 
leqjUOBoed comptetdy to identify addidoiiil tnvoscrEbed leglons: AII253I7, AA4 178 10, 
At?75427, AA021541, AI0QO427»AA910O20, AA7310S9. aow9 AfD90ll7 and AA9t0S2O, 
cooenicwiding to htl3520l, wen used to «cmo « blood leokocTte cCKAlihrur (noi, 
93a202;Stntigenc1,tuidrttric^Ilckuiesofthei^ 

A btfti of 133 STSt. noidy sdecied fiompatetivdx tiaof^^ 
bomalo^ lAd GR/UL tSjO piedided ejnns)^ inchuUzkg 1 1 cnonE ofKIAAbMS, wu 
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flequCDCedJEbflcn^ Gcom tlx DHA of tjpi CD p«tKnt»ai:£ two imafio^i^; 

Q[ttter,tbainjl)'jW^ 233 CD famlUa SNP.i2 and 13 ~ 

^tientB- (SNFl^iy, GeoBimk'aictiesKion nWbm G67943^^ ate 5nbndtt«d to 
dbSN^ of di£ National Center &r fidotednologjr IxJoimuioii) aiid-typed ca the ume 
^ratip of JxidividiMla Xd mich Ibr rare vtriant aBde^^ ive sobso^uEiitLy fBrndgsTtttl tlie 1 1 
exxmi of 4S7 CD patiratt. 159 okentttv? colicis pztientt and 103 nmfiected nnrdxted 
indMuab. JiSl ndant idldes wre confinned by ae<pic»cbg a Fecond indepeiidcttt 
jTnplifiratiog product. 

Data ainlysis 

Genotypic data were analyicd £br linlcage twng the N?L score ofGaieHmxter vZ.Q. Data 
from Hnkage dUequQibrium mpping of CD vroc amlyaad inttiallf widt dte tfaMiniuifla 
diseqolb'biiuni test' usi^g a ain^ txio [one affected and both pamtts) per Cunils!. 
SnbaequeiitLy, the pedignea dbequiUbritim test was pofeimed uiisg the PDT 2.11 
program' to atoalyse data fixim all femily nbtiveft..We cstiiBated allele frcqiaeneies Ear 3 
groups, 418 imxtkted CD patieatG, 139 ulcerative colitis patients and 103 omrob 
(indudiog 7& UDa&cted, unrelatod cpon^es of CP patioits and 25 onrehted CEFH &n% 
merabcrfl). 
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Crohn^s di;sea$c is adizonic inilaiiiiiiatory disorder of the gastro- 
IntestixRal tract, vdiidi is thcra^ to mult from the e^ct of 
amromuuental &ctois in a gexiet3ca% pi«dispo««d host. A gene 
looatioa in the pesicentfocmeric legian of chroniosome 16> JSPh 
diat contributes to susce^hilit^ to Crofaifs disease has been 
cstaMiahcd tfaroi^ multiple linkage 3tcidLe8^~^ but the speofic 
gene(s) has not been idenidfied. N0D2t a gene that encodes a 
protem wilibliomology top]ant disctue 
located ia the pealc n^n of link^ on GhromasDme 16 [ttL 7). 
Hexe ^ show, using the tnuDSDiission diseqnflibium test and 
case-conlvd analysifl^ that a firameshift mntsdan caused fay a 
<7todne insetttoot 302(tfnsQ i«hich is expected to encode a 
truncated N0D2 pxotdn, is associated ivith Cruhn's disease. 
WfU-type NOm aofvgles nudear factor NF-kB» makiltg it 
responsive to bacterial li^opolysaccharides; iKmem^.tihia induc- 
tion wu<lefidentiamut«ntN0I>2.11iese result NOD2 
in ssBcep^Mkf to Crohn's disease* and soEggest a iinlc between in 
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Data analysis . 
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prDgcoin^ to asalj^Ae from £ajiSy itktJres. V/t estumted dDde ^cqnouies fbr 3 
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Aframeshiflmiitatioii in mD2 
associated with suscepfibilty 
Id Crohn's disease 
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Crohn's disease is a chronic inBammfttory disonlgr of the gastn^ 
intesdml tract. iWifch is thought to result £eom the eflfect of 
envinniiiLeiEtal &nctazs. in a gpenetkatty predisposed host A g!ene 
location in the pericentnnneric region of chnnnoaomc 16» ZBDI » 
that coknXijBnites to suscc^rtibifity to CrohnTs lUsease has been 
estohUshfid throu^ mnmple Unjka^ studies'^, but the specific 
e«aie(8) has not been idfintificd- N0D2, a eeoc that encodes a 
protxdn vidLliamak^to plant disease resikance geneproducta is 
located in dbe peak region of linkage onduomoaomc 16 (i«£ 7), 
Here we show, by «slng ttanamisslon dbeqoifikittaL test and 
^case-cOQtioL anslym tiwt * ftanwslrift mutation cawed by a 
cytofiiiie insertion, 3O20insC, ^ddch is expected to encode a 
truncated N0D2 protein^ is aasodatied v?ith Crohrfa disease. 
Wld-type NOD2 actirales nuclear fectnr NF-kB; making it 
responsive^ baoerial lipopol^acdwrldes; bowcvcii th^ 
tionma dtfdent inmmant N0D2. TTi«e results Im^icateNOM 
hismcepaUity to Crohrfs fiaeifiCi^^ 
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induBe Crohn'tf disease (CD) and iikerative coHtis, ace diionic 
disocders of the gastrointe&tii^ tract widi uiiknom 
with a combined jira^^ of abQgb>50-200 caises 
western <»imitrieB'?rj^^ titc' acSology of iBD^s'tiS^ 
abnormal inflatntnatory response directed Agamst^entericnaicrb- 
fiota in a geneticaUy susceptible host has been pr6i>0fied'^ PamiM 
dustdins of difiea$e and stiidies of twins strongly suggest that IBD» 
and in particnlar CD, is a genetic disorder*', Genome-wde searches- 
for IBD-8usceptibility genes have resulted in the identification of 
several lod for CD and/or ulcerative colitis* mast notably for CD, in 
the pericentiomcric r^ion of duomosome 16 {IBDlY"^. 

N0D2 has structural homolog/ with both tbe apoptoas i^ula- 
ton Apaf-I/Ced-4 and a class of plant disease resistant (R) gene 
products^. Like the latter gene products, N0D2 comprises an 
amino-tenninai e£6ector domain, a nudeotide^fainding domain 
and leudne-rich repeata (LRRs) (r^ 7), N0D2 has been mapped 
to chiomosonie 16ql2 (re£ 7) and is tightly linked to markers 
D16S3396, D16S416 and D16S419 (Kg- U)— a site that predsdy 
ofveriaps with IBDl (re£ I), Given the genomic localization and the 
role of NOD proteins in tecognizii^ bacterial components'^, we 
thought that N0D2 might function as a susceptibilitjr gene for CD. 

The I2-c3mu genomic organization of the NODI gene was 
determined by aligning the complementary DKA sequence 
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duais^fiBin ^pju^ linkage aobiea at 

E3il6S3396?S$^w^ CD pataents, a 

c ylbfflb e'ihsertioh.wa3 observedain: eKon- 11 at nndeotide 3Q20 
Ji^^^'i^ lh): 302<jLMC''fesuited ia a framcshift at fhc 
"se(ibna^£uaeo^-of a>^ lb), and a LeulOOT-^Pro 

substitutibn-in the tenth LRR followed by a premature stop codon 
(Fig. Ic). The predicted truncated N0D2 protem contained 1,007 
amino" adds^'instead of the i;040 amino acids of the wild-type 
NODi protein (Fig; Id ), 

We used an iaMe-spedfic polymerase chain reaction (PCR) assay 
(Fig. 2) to type 3020msC in IBD &ni^es and case controls. 
Analysbog only one CD patient per independent femily, we observed 
preferentiM tcansniission (Table L) ftom heterozygous parents to 
affectsed children of 3Q20insC (39 transmissians and 17 non- 
transmissions; P = 0.0046), Analysing all independent nuclear 
femflies by sib-TDT (fijr^/lahmedLstanfordedu/pub/aspcx/indaL 
html}, the empirical P value was similar, P = 0.0007. As expected 
ftom linkage studies**, no preferential transmission of 3O20insC 
was observed amor^ femiHes with ukerative colitis (data not 
shown). As 365 of Ae 416 independent CD femflies have several 
afiected individuals, the applicability of tiiese associations to the 
more common, sporadic caaes requires funher study. 

Additional support for association to CD was provided by case- 
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Figure 1 kMtftevtfon of a lims^ MOCt^miMon in affected IndMdualsta CO 
famines, a, Physitai rf)sq> of the fusion of IrriBrest at 1 6tt1 ^ Apprwifnate posftSons cf 
c^trunosomal arid ^anellc martsrs are bassd on rof. 22. The tiuman gsnamic BAC done 
mi ^32722 oonMnc iha N002 gene and martwrs siSG464l 5 ^nd SGC323f74. flie 
lr|nn organtsatlkHi of ihs tiunan AUTD^gera ts shown underneath, h; DHA 
i;i^toplmQrBm8 {axon 1 1) fmt ccntrpi and three aftectsd indMduata from 
^ Palkfftetaianiiliesi and6 aretHtBnizygous,.iMl)eneflstha|»tlBrttTCni 
IwwQus far 302QlnsC. The cytosl(»lnfierlionvis kxtotadby an airow. 



c, NudeciSde and predicted ammo-arid sequence of flxun 11 and tlanliig tolrons Imm 
wld-type control and pafierts with 3020Cins. The won seqMence is shown in bold. Tha 
atB of 3O205r«C fs Indicated tjy an amw. ftesldue W Indicates ihoi a nucleotoe from 
axon 1 2 ooriribulBa to U codon. Domirii stiuAre of NOOi'lBiBtiEtino Ihfi site of 
protein tniKsttw. caspasfrfBcrijitniBnt domains (pMrosK tlie mKdaitKWlirfiria 
domain (NBD) and tsn IRfis are shown. HesiduBS of ttw tenth LPfl are underilned. 
Nurrters indicate residue posElions. 



L900-2ZZ-6t8 



1900-ZZZ(6L9) 



L£=SL 12-90-2002 



>?.OfUnr-tg, i£9g9Z(il 



¥ 



2£ 

■f 



If. 

il 



TWO ITZrrtfmiMataB preraraiiflaVlrar^ 



Source ~ 



- Ore CD poBarf paa^mllir- ■ 




r_:rAI)CDpaiiaits- 



Net • • 
transmitted 



Johns Hopfdnft 4 4' 

Uriv, cfPittBbugh 14 3 

Toa 39 17 



0.0046 
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oontiol analysis, in which> using one CD mdividiml per independent 
hsnaly, the 3020io5C allele Cnequency among all CD groupts was 8J2% 
(Table 2). The allele fieguendes of 302Qb:isC were comparabk 
among Jewish (8.4%) and non-Jewish Quicasians (8 Among 
case controls (IbWe 2)» the dlele J&equencjr in four- separate 
Cancafiifln cohorts of 4.0% vinas significantly lower than in O) 
patients (F = 0,0018> by larger-sample approjdmations to a two- 
sample binomial test). The allele &equenqr of the 3020msC among 
182 unrelated ulcerative colitis patients was 3.0%> and was signifi- 
cantly lower than the frequency among CD p&tients (P = 0*0010). 
The genotype dequendes of 3020m5C in unrelated CD individuals 
were 11 homozygotes, 46 heterozygotes and 359 wild-type homo- 
zygotes- 

Among case controls, there were 23 heterozygous individuals, 
with the remaining being wild-type homozygotes. The genotype- 
relative risk (GRR) for heterozj^ous and homozygous 3020'maC was 
and 17.6, respectively, as compared with wild-type contiob. 
Given its fiequency; 3020uisC is unlikely to account completely for 
the observed evidence of linkage at WDU and other variants of 
N0D2 may confer additional disease risL For example, two single- 
nndeotide polymoiphisms in N0D2 have been identified, 2722G— ► 
C (Gly9C8Aig) and 2104C-^T ( Ai^02Trp), which are highly asso- 
dated with CD by the transmission disequilibrium test (data not 
shown). Furthermore, other susceptibility genes might also be 
present in this broad region^'' of linka^ on chromosome 15, 

NOD2 has been shown to activate NF-k5 and to confer tespon- 
sLveness to bacterial lipopolysaccharides''". To test the ability of 
wild-type and mutant NOD2 to activate NF-kB, human embryonic 
kidney (HEK) 293T ceils were transiently oo-transfccted with wild- 
type Of 3020insC plasmids and an NF-kB reportser oonstnict. In the 
abisettce of Upopolysaccharide (LPS), espurasion of both wild-type 
and mutant NOD2 induced activation of NF-kB (Fig. 3a). Notably, 
equivalent levels of wild-type and mutant NOC2 protein esq^ression 
(as assessed by immunoblotting of total lysates) resulted in similar 
levels of NF-kB activation (Fig, 3a). 
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like ^^OE^2^: cytos6lic plant disease resistant proteins have cax- 
boxy-tenninal LRRs that are critical for the recognition of pathogen 
components and induction of pathogen-spedfic responses'^"**. We 
therdSwe compaiedithc-ability of wild-type and mutant NOD2 
protems to induce NF-kB activiry in response to LPS* Because 
ovctexpression of NOD2 induces potent NF-*cB activation (Hg- 3aX 
we transfected the cells with low amoimts of wUd-type and mutant 
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Figure 3 Differentlat r«spcnsKii6ne6& of uid-^e and mutant M0D2 to LPS. a, m2S/S\ 
celswrflco-trarirfwiBdsitiljMtewWi ihBlDdfcaWar«xintscrf|MiilWOfe^ wfltf- 
type pcOrW-N002, or p(;iWA34JQDa 3D20insC and pEF^BOS-^-gal and pBUI-luc 
reporter ptasnntds. Values represem nneans ± ad. Bqjresslon d wiid-type and nuitant 
N002 prateais In call axlracts is shown on top. b, m23S\ calis ware co-iransfected in 
trtplteate wm 0.3ng of pcDNA3-M0D2. 3ng of pd3MA3-f«)02 3020lnsC, 3ng 
PC0NA3-TLB4 plus 3 ng of pcDr*V3-MD-2 (rtdlcated by Uflfl or pd)NA3 ftectoO and 
pF^OS-p-gdl 9!n6 pBxnMuc; Utder^esa coniions. both wlld-tvps and miitantilOOa 
consmicts Induced sImSar tewals of besal NF-kB acflvHy. Btfrt howre after irarelecBdn, 
oefla were treated vot^ lOiiignir^ of LPS (itim IncicalBd baderia. Vakias represarit 
- mesfia £ Results are reprasantattw of at least th» indspenSent ^rimsnts: : 
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N0D2 {% 3b);Diflisrcntidte£iiktion of N0D2 toiction.by LPS 
from affereat baacria was oteovcd (Fig. 3b)» vAjcycas all IPS 
preparations induced NF-kB activation comparably in cdk trana- 
fectcd with To«-like receptor^ (TLR-4), a ceU-5uriaa.rtO(g^ for 
LPS'* 

Hie innate immune system regulates the immediate response to 
microbial pathogens and is initiated by xeoognition of specific 
pathogen components by receptors in host immune cells . NODI 
and NOD2 seem to fimction as intracdlolar recepton fttf LPS with 
the LRRs required for Msponsiveness**. We have shown here that 
truncation of the tenth LRR of N0D2 is assodated wth CD, 
Consistent writh earlier linkage studies'^, this Tariant is associated 
sQddy with CiX and not with ulcerative colitis. Functional analyses 
indicate that the diseas^associated N0D2 variant is significantly^ 
less active than the wild-type protein in conferring responsiveness 
to bactenal LPS. In plant N0D2 homobgues. the LRRs determine 
the specificity for pathogen products and alterations in LRRs can 
result in unresponsiveness to particular pathogens^*"^. Similarly, 
genetic variation m the LRRs of TUt4 account for inter-indMdual 
diflferences in bronchial responsiveness to aerosolized LPS^ . 

Several mechanismscanbe envisaged to account for suscqitibility 
to CD in individuals carrying this variant N0D2 is a cytosolic 
protein \rfiose expression is restridsed to monocytes, with no 
expression detected in lymphocytes'. A deficit in sensing Ijacteria 
in monocytes/macrophages might result in an exaggerated inflam- 
matory response by the adaptive immune system. A related possi- 
biJity is that wild-type N0D2 may mediate die induction of 
cytokines such as intcrleukin-10 that can downregulate the inflam- 
matory response"'^*. Fmally, variation in the LRRs of plant N0D2 
homol^^es can result in rea^nition of new specificities for 
pathogen components'^'\ Thus, it is also possible that N0D2 
variants might act as gain-of-fimction aHeUs for unknown patho- 
gens. Our studies implicate W0D2 m susceptibility to CD» and 
suggest a link between an innate response to bacterial components 
and development of disease. Q 
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Rd/NF-JcB transcription factors hare been impUcated m 
regolating a wide variety of geiws important in celhdar 
processes that inclode ceD diTision, ceU survival, 
diffeientiation and immuaity. Here genetic models itt 
irhich varioas Rel/NF-icB and IxB proteins have cither 
been over^expressed or deleted in mice vnll be reviewed. 
Although expressed fairly ubiquitoiisly, homozygous 
dlsrnptioa of Individual Rel/NF-FcB genes generally 
affects (he development of proper immune cell function* 
One exception is r&ia, which is essential for embryonic 
liver development. The disruption of genes encoding the 
individual subunits of the IjcB kinase, namely IKKa and 
!KK^, has demonstrated that IKK^ transmits the 
response to most common NF-rcB inducing agents, 
whereas IKKa has. an unexpected role in keratinocyte 
differentiation. Fnhire studies vdll no doubt focus on the 
effect of mnldple gene disruptions of members of this 
signaling pathway, on tissue-specific disruptions of these 
genes, and on the use of these mice as models for human 
diseases. 

Keywords: NF-kB; Rel; \kB; IKK; knockout mice; 
transgenic mice; mouse genetics 



Introduction 

In mammals, there are five distinct Rel/NF-KB 
transcription factor subimits-p50/pl05, p52/pl00, c- 
Rcl, RelA and RelB-cach encoded by a unique gene. 
Two genes, nfkbl and njkb2, encode large cytoplasmic 
proteins (pl05 and plOO, respectively) with inhibitor 
IkB properties, and smaller DNA-binding subunits 
(p50 and p52, respectively) that correspond to the 
conserved N-temiinal domain shared by all RcI/NF-kB 
proteins. The proteins encoded by c-rel, reia and relb 
contain C-terminal transcriptional transactivation 
domains in addition to their Rel Homology (RH) 
domains, RcI/NF-kB proteins bind to specific DNA 
target sites (kB sites) as heterodimers or homodimers. 
The most common complex in many cells is the p50- 
RelA heterodimer, usually specifically referred to as 
NF-kB. Rd/NF-JcB dimers usually do not promote 
transcription if they lack a subunit with a C-terminal 
transactivation domain. 

In most cell types, Rd/NF-nrB transcription com- 
plexes are present as latent, cytoplasmic forms, which 



^Correspondence: S GcrondaSds 



can be induced to enter the nucleus and activate gene 
expression, TTie cytoplasmic sequestration of Rel/NF- 
k:B is regulated by the family of IkB inhibitor proteins 
that includes IjcBa, IkB]?, IxrBv, IkBs and Bcl-3. Two 
major kinases, IBCKa and IKK^ are responsible for the 
induced phosphorylation of I^Ba and IjcB^, and this 
phosphorylation targets for IkBs for pioteasome- 
dependent degradation and thus releases the Rcl/NF- 
kB complex. The generation of transgenic mice over- 
exprcssing exogenous copies of particular Rcl/NF-jcB 
or IkB genes, and of mice homozygous for null 
mutations in RcI/NF-kB, Ix-B or IKK genes, has 
provided invaluable models for elucidating the 
physiological functions and regulation of the compo- 
nents in the Rel/NF-K:B signal transduction pathway. 
The phenotypes of the various transgenic and mutant 
mouse models are summarised herein. 



Null mutations for Rel/NF-KB proteins 

Single mutations 

nfkbl— mice nfkb] encodes primarily two proteins, a 
105 kDa non-DNA binding cytoplasmic molecule (p 105) 
and a 50 kDa DNA-binding protein (p50) that 
corresponds to the N terminus of pi05- In addition, in 
certain mouse cells, an n/fc^i-encoded protein (IicBy) 
containiQg only the C-terminal half of pl05 has been 
detected (Inoue et al,, 1992), Despite the nearly 
ubiquitous expression of nfkbi and the role of p50 as 
the major partner of RelA, which is required for normal 
embryogenesis (see below), mice lacking p50 and pi 05 
{nfkbl~^~ mice) develop normally and exhibit no 
histopathological changes. Although p50/plO5 is not 
essentia] for hemopoiesis, nflchJ-'- mice exhibit multiple 
defects in the function of the immune system (Sha ei aL, 
1995). Mature quiescent nfkbl''^ B cells turn over more 
rapidly in vivo and undergo accelerated apoptosis in 
culture (Grumont et al., 1998), indicating that p50/plO5 
is required for the survival of non-activated B cells. 
When activated with lipopolysaccharide and soluble 
CD40 ligand, nfkbl splenic B cells proliferate poorly. 
However^ these cdls respond noimally to antigen 
receptor ligation and anti-IgD dcxtran antibodies (Sha 
Et aU 1995; Snapper et al., 1996), indicating that p50/ 
pl05 is only essential for certain B-cell activation 
pathways. The B-cell proliferative defects in njkbl'^- 
mice are due to a cell-cycle block in Gl and enhanced 
mitogen-induccd apoptosis (Grumont €t al,, 1998). 

Consistent with a role for njkbl in B-cell activation, 
nfkbl-^' mice fail to mount a normal humoral 
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response when challenged with various antigens (Sha et 
ai, 1995), This is due, in part, to- c5cU autoaomou 
defects in heavy chain isotype switching resulting from 
inipaired transcriptional inductioa of $ermline Ch 
genes fay mitogens and cytokines (Snapper e£ a/,, 
1996), the expression of which is required for 
immunoglobulin gene rearrangement. Interestingly, 
the susceptibility of njkbl"^' mice to various patho- 
gens varies quite raarkcdly. These mice arc more 
susceptible to Listeria monocytogenes and Streptococ- 
cus pneumoniae^ respond normally to Haemophilus 
influenza and Escherichia coli, and are more resistant 
to murine encephalomyocarditis (EMC) vims (Sha et 
al.r 1995), Enhanced resistance to EMC correlates with 
increased production of jj-intcrferon by njkbl^^' cells 
(Sha et al., 1995), thereby implicating p50/pl05 as a 
regulator of innate as we!l adaptive immune responses. 

nfkb2-'- mice Similar to nflcbl, the nflcbl gene 
encodes a 52 kDa protein Chat corresponds to the N- 
terminus of a larger 100 kDa protein. However, unlike 
nfkbl^ njkbl expression is restricted to the epithelium of 
the stomach and select areas of hemopoietic organs such 
aa the thymic medulla, the marginal zone and 
periarterial sheath of the spleen (Attar et ai, 1997). 
Mice lacking p52/plO0 proteins develop normally, with 
the major defect being a disruption of splenic and lymph 
node architecture (Caamano et ai, 1998; Franzoso et 
ai., 1998), In the spleen of these mice» the perifollicular 
marginal zone, thought to be important for regulating 
cell migration during immune responses, is absent and 
the Br<ell follicular areas are either absent or depleted- 
Although the failure of these mice to mount a normal T 
cell-dependent antibody response is associated with an 
inability to form germinal centers, this cannot simply be 
explained by intrinsic B- or T-celJ defects, as njkbl- - 
lymphocytes exhibit only mildly impaired proliferative 
responses coupled with normal antibody or cytokine 
production when activation in culture (Franzoso et al,^ 
1998). Instead, these unmune deficiencies appear to 
reflect a defect in antigen presentation by accessory 
cells. A role for p52/pl00 in the regulation of antigen 
presentation is consistent with the findings that the 
hemopoietic restricted sites of njkb2 expression contain 
macrophages and dendritic cells and that p52 is a major 
dimer partner of RelB, another Rei/NF-xrB family 
member important for the function and development 
of dendritic cells. 

c-rel~ ~ mice Restricted expression of c-Rcl to 
lymphocytes, monocytic, granulocytic, and erythroid 
ceUs in moxise fetal and adult hemopoietic organs 
coincides with the development and esqjansicn of the 
hemopoietic system. Consistent with this pattern of 
expression, c-Rel is essential for a variety of functions 
in hemopoietic cells, although it is dispensable for 
mouse embryonic development. Although normal 
numbers of hemopoietic cells in z-ret*' mice indicate 
that c^Rel is not essential for the diifeientiation of 
hemopoietic precursors, maiure lymphocytes and 
macrophages exhibit a number of activation-asso- 
ciated defects associated with B- and T-cefl prolifera- 
tion, isotype switching and the production of various 
cytokines and immime modulatory molecules (Ger- 
ondakis et al., 1996; Grigoriadis et al,, 1996; Grumont 
et al,, 1998; Kontgen et ai., 1995). 



Impaired- c-«/"<" B-cell proliferation in response to 
d-mitogens-is due to arcdl-cyde block 
in 01 and elevated activation^nduced apoptosis 
(Grumont et al., 1998). While o-Rel-regulated gene(s) 
critical for cell^ycle progression remained to be 
determined, mitogen-induccd apoptosis in c-ret^^ B 
cells is due in part to a failure to upre^late the 
expression of Ai, a Bcl-2 prosurvival homolpgue 
directly regulated by o-Rel (Grumont et al., 1999). In 
c-re/"'" B cells, defects in immunoglobulin C« switch- 
ing implicate c-Rel in various steps of the switching 
process such as gennllne Ck gene transcription. Ln 
contrast to the cell autonomous defects that afffict c- 
reH- B-cell proliferation, the failure of c-rei-^" T cells 
to prohfcrate in response to mitogens can be overcome 
by exogenous interleukin-2 (IL-2) (Gerondakis et al, 
1998). IL-2 is not, however, the only cytokine whose 
expression is impaired, as activated oreh~ T ceils also 
express reduced amounts of IL-3 and GM-CSF 
(Gerondakis et al, 1996). c-Rel also serves distinct 
roles in different macrophage populations. Whereas 
GM-CSF, G-CSF, IL-6, TNFa and iNOS expression is 
abnonnal in activated c-reh^ - re'sident perito neal 
macrophages, otdy TNFa and IL-6 expression is 
impaired in stimulated z-rei" elicited peritoneal 
macrophages (Grigoriadis et ai, 1996). An elevation 
of GM-CSF expression in certain c-rel~ ~ macrophage 
populations (Grigoriadis et aL, 1996), but reduced 
GM-CSF expression in c-re/- - T cells (Gerondakis et 
al., 1996) highlights the tissue-specific modulation of c- 
Rcl function and establishes that mammalian c-Rel, 
like Drosophila Dorsal (see Govind, 1999), is both an 
activator and repressor of gene expression. In vitro 
defects in z*rel~ ~ lymphocyte and macrophate function 
are also reflected in the impaired innate and adaptive 
immune response of c-Rei-deficient mice (Gerondakis 
et aL, 1996; Hariing-McNabb et ai,, 1999; Kontgen et 
aL, 1995). 

rela^'^ mice The absence of RelA leads to embryonic 
lethality between days El 5 and EI 6 post-coitum^ a 
result of fetal hepatocyte apoptosis (Beg and Balti- 
more, 1996). Tlie death of rek~ - fetal hepatocytea 
arises from their heightened sensitivity to the cytotoxic 
effects of TNFa, as evidenced by the observation that 
an absence of this cytokine rescues rela--- mice from 
embryonic lethality (Doi et ai.^ 1999). Consistent with 
ReiA pkymg an anti-apoptotic role in different cell 
types, reia" fibroblasts and macrophages also exhibit 
increased sensitivity to apoptosis induced by TNFa 
(Beg and Baltimore, 1996). Although several Rel/NF- 
kB regulated prosurvival genes including Al (Zong et 
al., 1999), CIAF2 (Wang et a!„ 1998) and TEX^IL OVu 
et ai, 1998) are normally upregulatcd by TNFot, it 
remains to be determined which, if any^ of these is 
critical in protecting hepatocytes from TNF«-induced 
apoptosis (sec also Barkett and Gihnore, 1999). RelA is 
also important for normal lymphocyte function. The 
analysis of SCID mice reconstituted with day £13 
rela-^" fetal liver cells has established that RelA, while 
dispensable for lymphopoiesis, is required for mitogen- 
induced lymphocyte proliferation and isotype switching 
poi et al., 1997). 

relb"'" miee RelB expression is normally confined to 
dendritic cells and B lymphocytes. Mice lacking RelB 
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exhibit multiple- pathologicd lesions r an^ in 

that afflict reib-f^ mice incltwie T-cell iiiflainiuatory 
infiltrates of vanotLS organs, T cell-dependent myeloid 
hypeqilasia and splenomegaly due^ to extramedullary 
hemopoiesis (Biirkly et al., 1995; Weih ei ai, 1995). 
The basis of the inflammatory pathology in relb-f- 
mice ronains unclear, but may be due to tic absence of 
certain thymic and splenic dendritic cell (DC) 
populations (Wu et aL, 1998). Although the thymic 
DC deficiency in re!b'^~ mice is a secondary 
consequence of the disrupted thymic architecture, the 
absence of splenic myeloid related CD8a DCs is a 
direct stem cell intrinsic defect (Wu et aL^ 1998), This 
deficit of thymic and splenic DCs may account for the 
inability of relb'^' mice to effectively delete auto- 
reactive thymocytes and T cells (Burkly et aLy 1995), 
which in turn creates a pool of self-reactive T ceUs that 
ultimately give rise to the inflammatory phenotype. 
Delaycd-type hypersensitivity and CDS'" cytotoxicity, 
macrophage-mediated immunity to various pathogens, 
and IgG responses to T cell-dependent antigens are 
also impaired (Weih et aL, 1997; Caamano et aL, 
1999). Because delayed-type hypersensitivity responses 
are dependent on Langerhans cells, this may indicate 
that these antigen-presenting cells are also defective in 
relb" ' mice. The findings that the proliferative 
response of reib--^' splenic B ceils to mitogens in 
tissue cultupB is only reduced slightly and that Ig 
secretion and isotype switching are normal iadicate 
that the humoral immune defects are most likely a 
secondary consequence of impaired CD4^ T-cell 
function arising from deficiencies in antigen presenta- 
tion. These findings indicate that in contrast to the 
other Rc1/NF-kB proteins, each of which is dispensable 
for nonnal hemopoiesis, RelB is required for the 
development of specific dendritic cell populations. 

Multiple mutaticm 

Despite the unique roles ascribed to individual Rel/NF- 
kB subunits, functional overlap and redundancy 
among these proteins most likely prevents the 
emei^encs of certain phenotypes in single mutant 
mice due to compensation by other family members. 
Indeed, mice lacking multiple Rel/NF-KB proteins 
often exhibit novel phenotypes or more severe versions 
of those phenotypes seen in single mutants. 

ufbkl'-'- nfkb2-'- mice Mice deficient in both nflcbl 
and njkb2, while phenotypically indistinguishable from 
control Utter mates at birth, soon exhibit growth 
retardadon and cranofacial abnormalities^ the latter 
being a result of hone thickening due to osteopetrosis 
(Franzoso et al,, 1997; lotsova et a/., 1997), Bone 
remodeling is dependent on bone resorption by 
myeloid iLieage-dcrived osteoclasts. Although osteo- 
clast numbers are markedly reduced in these double 
mutant mice and nfkbl-^- nflcb2-^- osteoclast progeni- 
tors cannot differentiate in vitro (lotsova et aU 1997), 
transplantation of normal marrow into newborn 
njkbl-^- nfkb2~^' mice only partially rescues this 
osteopeirotic phenotype (Franzoso et al., 1997; 
lotsova et al*^ 1997). This indicates that the combined 
deficiency of njkbl and nfi:b2 afflicts cells of a 
hemopoietic origin and the bone marrow microenvir- 



onment. Target gene(s) important for normal bone 
development that- are affected by the absence of njkbi 
and nflcb2 remain td be identified. 

In contrast to the single mutant mice, B<«U 
development is blocked in njkb]-*- nfldy2-^' double- 
mutant mice at the immature I^^IgD" stage 
(Franzoso et ai„ 1997), which normally corresponds 
to those cells newly emerged from the bone marrow. 
Collectively, these findings indicate that these two non- 
transactivAting NF-wB proteins perform redundant 
functions in bone development and B-cell differentia- 
tion. 

nfkbl--'- rclb-'- mice The absence of n/fcW-encoded 
proteins exacerbates the severity and extent of organ 
inflammation resulting from an absence of RelB, with 
the mice dying within 3-4 weeks of birth (Weih ei d,, 
1997). While myeloid hyperplasia is more pronoiwccd, 
the inflammatory infiltrates in nfkbI- ~ re!b~^- mice are 
devoid of B cells, the result of a B-cell developmental 
defect that leads to a marked reduction in both B220^ 
splenic and bone marrow cells. This phenotype 
indicates that p50-containing complexes partly com- 
pensate for RelB function in dendritic ceils and that 
p50/pl05 and RelB perform redundant functions in B- 
ccil development, 

nfkbl"'" c-rel"-- mice Embxyogencsis is normal in 
mice that lack p50 and c-Rel (Pohl et aL, tn 
preparation). While both transcription factors are also 
dispensable for the differentiation of hemopoietic 
precursors, immune defects in these double mutants 
are more severe than in individual z-rei"' or njkbl^-^ 
mice (Pohl et aL, in preparation), ftjkbi''~ c-reh'- 
lymphocytes fail to divide when stimulated with any 
combination of mitogens. Whereas nfkbl'^- c-rei^'~ B 
cells cannot exit the GO stage of the cell cycle when 
treated with mitogens, njkbl"' c-rei~'~ T cells can 
undergo blast formation, indicating that the GO-Gl 
transition is differentially regulated by Rc1/NF-kB in B 
and T cells. Consistent with the increased severity of 
the nfkbl~'~ c-reh'~ lymphocyte activation defects, 
humoral immunity is further diminished in the double- 
mutant mice. This is due in part to the lack of germinal 
centers and an absence of germlinc gpnc expression. 
This demonstrates that funaional redundancy of c-Rel 
and p50 dimers is only important in the immune 
system. 

rela*^' c-reh^' mice rela~'~ c-rel' " double mutants, 
like rela-'- single mutant mice, die as a result of fetal 
hepatocyte apoptosis, with the onset of liver degenera- 
tion occurring 1-1.5 days earlier in station (E13- 
E13.5) than in rela-^~ single mutants (Grossmann et 
al.i 1999) This indicates that c-Rel partly compensates 
for the anti-apoptodc function of RelA, which is 
consistent with the attti-apoptotic effects of o-Rel and 
RelA in vitro (see Barken and Gilmore, 1999). The 
combined loss of c-Rel and RelA is also associated 
with multiple hemopoietic ceU defects (Gro&smann et 
al, 1999). Lethally-irradiated mice engrafted with E12 
rela'^~ orel'^~ fetal liver hemopoietic precuisois die 
from the combined effects of anemia and granulocy- 
tosis. The anemia in reconstituted mice appears to 
reflect a defect in erythrocyte differentiation rather 
than a reduction in erythroid progenitors^ as the 
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number of erythroid colonies in. cultuics of double 
mutant fetal liver cells is normal. Consistent-with- 
devetopmentHl defect in erythropoiests, the fetal blood 
of E13 rfiir~'~ ore/"'" embryos has hi^r than normal 
numbers of nucleated embryonic erythrocytes. This 
persistence of embryoaic erythrociytes in rWfl"'" 
c-re/-^- embryos suggests that the switch from 
prunitive to definitive erythropoiesis is impaired. 

Monocyte differentiation is also affected in these 
mice. The loss of both c-Rci and RelA results in cell 
death during monocyte differentiation in culture. In 
contrast, Q-reh'- reh'^- monocytic precursors appear 
to differentiate normally in mo, indicating that 
compensatory signals or factors critical for monocyte 
differentiation and survival that are missing in yitro 
operate in vivo, 

Ahhough the combined loss of c-Rel and RelA does 
not impair thymocyte development or B-cell differ- 
entiatioD in the bone marrow, rag]'^~ mice recon- 
stituted with double mutant fetal liver hemopoietic 
precursors exhibit a marked reduction in the number of 
peripheral B and T cells (Grossmann et ai^ in 
preparation), re/a"'" c-re/-'* B cells (IgM^IgD") 
newly emerged from the bone marrow fail to mature 
to IgM-IgD* cells, a finding consistent with very low 
serum immunoglobulin levels and an absence of B cells 
in the lymph nodes of these mice (Grossmann et al, 
1999)» The death of double mutant rek- - c-re/--- 
IgM^IgD'^ B cells is dramatically accelerated in vitro 
and these cells turnover more rapidly than their normal 
or single mutant counterparts in vivo. Consequently, 
the failure of re/cr"'" c-rel' ~ B cells to enter the mature 
B-cell pool after exiting the bone marrow appears to be 
due to a reduced lifespan. In contrast the profound 
reduction of mature CD4"^ and CD8* T cells in the 
spleen and lymph nodes of engrafted ragl^ " mice is 
not associated with increased cell death; instead it 
appears to be tinked to a defect in the post-thymic 
expansion of rela' " c-re7" ~ T cells. This indicates that 
although c-Rel and RelA are essential for the 
generation of mature B and T cells, these transcription 
factors only apjjear to be important for survival in B- 
cells 

nfkbl'-'" rela"'" mice The absence of both p50 and 
RelA (the NF-kB complex), Hke the combined loss of 
c-Rel and RelA^ leads to an earlier onset of embryonic 
death (aroimd El 3) due to fetal liver apoptosis 
(Horvitz et aL, 1997). Irradiated mice engrafted With 
E12 nflcbl--- rela-^- fetal liver hemopoietic precursors 
lack 3220-" cells in the bone marrow, spleen and blood, 
indicating that the defect in B lymphopoiesis occurred 
at a stage before the development of 8220^^ B-cell 
precursors (Horvitz et aL, 1997), Smiultaneous 
transplantation of wild-type bone marrow cells rescues 
the production of nflcbl'^' rela'*' B cells, a finding 
consistent with NF-ktB mediating the development or 
survival of an early lymphocyte precursor by regulating 
an extracellular factor. B cells lacking both p50/pl05 
and RelA exhibit profound proliferative defects in 
response to mitogen stimulation (Horvitz et at., 1999). 
Mice engrafted with NF-jcB deficient fetal liver cells 
also develop a fetal liver-derived granulocytosis 
(Horvitz et ai, 1997), Combined witti the observation 
that mice receiving rda''' c-re/"'-, but not nfkbI-*~ 
c-re/-'- fetal liver hemopoietic precursors develop 



granulocytosis^:^ 7 radiates that certain Rel/NF-icB 
■ prot e ins — ape — importan t— in— regulating- -granulocyte 
homeostasis in vivo. 



C-tenxuDal tnmcation mutatiDDS in Rel/NF-fcB proteins 

T^lil^f^ ffoce Mice lacking the portion of the 
njkbl coding region that encompasses the C-terminal 
regulatory domain of pi 05 show a more severe 
phenotype than mice homozygous for an nfkbl null 
mutation (Ishikawa et al, 1998). These mice 
{nfkbl^^ mice) develop splenomegaly, enlarged 
lymph nodes and have lymphocytic infiltrations of 
the lung and liver. They also exhibit heightened 
susceptiHlity to various opportunistic pathogens. The 
changes associated with dysregulated lymphocyte 
function appear to result from an increase in B-ce]l 
numbers thai coincide with the hyperproliferative 
responsiveness of these cells to mitogens. lit contrast. 
T cells from nfkbJ^^^ mice exhibit a weak reduction 
in proliferative capacity in culture and produce lower 
amounts of various cytokines after activation. Con- 
sistent with the evidence that the ankyrin repeats in the 
C teiminus of pl05 regulate cellular levels of p50, gel 
shift analysis indicates that the nuclear levels of p50 
homodimers are elevated in the tissues of nfkbl^^^ 
mice. These findings, together witia those for the 
njkbl^^^ mice, reinforce the notion that tight 
regulation of RcI/NF-kB expression is crucial for 
normal cellular functions, 

nfkbZ*^"'''^ mice njkbl^^^ ''^ mice, which express the 
52 kDa form encoded by rtfki^ but lack the 100 kDa 
protein due to disruption of the n/kb2 C-tertninal 
coding region, appear nonnal at birth but develop 
multiple pathologies post-natally (Ishikawa et a!., 
1997), These pathologies include gastric hyperplasia 
of the epithelial layer of the antrum, hyperkeratosis in 
the heart, lymphocytic infiltration in the lamina propia 
and hemopoietic abnormalities such as spleen and 
thymic atrophy, enlarged lymph nodes, and granulo- 
cytosis. The piesenoe of increased numbers of 
lymphocytes in various tissues and lymph nodes is 
consistent witia nfkb2^^^'^ T cells being hyper- 
responsive to activation in culture. Tissues from 
njkbl^^^^^^ mice that overexpress p52-contaiiiLng 
nuclear complexes also upregulate several genes 
known to be controlled by Rel/NF-KB, including 
those encoding TNFa, I-CAMl and ELAM-h These 
findings indicate that p52 is normally involved in 
controlling the growth of gastric mucosal cells and 
mature peripheral lymphocytes, and that dysregulated 
expression of this transcription factor can lead to 
hyperproliferation, a fending consistent with the 
rearmngeaneni of nfkbl in certain human lymphomas 
(Rayct and Gelinas, 1999). 

^j^l/icTfACT ^i^^ Deletion of die o-Rel C-terminal 
transactivation domains creates a protein stiU capable 
of forming homodimers or hcterodimers with other 
NF-kB subunits and binding DNA, but unable to 
regulate transcription in a normal manner. Several 
months after birth, mice homozygous for this mutation 
(c-ref^^'^ develop hypoplastic bone marrqw, spleno- 
megaly, enlar^d lymph nodes, and lymphoid hyper- 
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plaaa (Carrasco fir:7rf.v .I998). Prior to the onset of 
-^ysfegalfited-iymphoeyte -expansion:,- youflg c-rel^^^ 
mice exhibit defects in B-odil activation and antibody 
synthesis and have increased susceptibility to L, 
momcytozenesj probably a result of reduced nitric 
oxide and GM-CSF production by macrophages. The 
molecular basis for the difference in the phenotypes of 
c-rel'^- and c-re/*^**^ mice most likely reflects in part 
functional compensation for c-Rel by other family 
members in the c-r^/-'- mice versus the abnormal 
transcriptional activity of NF-jcB-like complexes 
containing the C teiminally-truncated o-Rcl protein. 



Ntdl matatioDS for IkB proteins 

ikba'^" mice IkBcl is the major ubiquitous cytoplas- 
mic inhibitor that is critical for regulating the rapid 
transient nuclear induction of Rel/NF-xB, Although 
the embryonic development of mice lacking kBa 
appears to be normal, ikba-'- mice die 7-10 days 
post-natally, afflicted by severe widespread inflamma- 
tory dermitis and granulocytosis (Beg ei ai^ 1^95; 
KJement et aL, 1996), Coincident with this phenotype, 
the expression of certain proinflammatory cytokines 
and factors associated with granulocyte recruitment, 
adherence and activation such as TNFa, G-CSF, MIP- 
2 and VCAM-1 is increased. However, not all genes 
known to be induced by Ret/NF-/cB ar^ upregulated in 
ikba' - cells, underscoring the role of other transcrip- 
tional regulators in the activation of many Rel/NF*«:B 
target genes. Furthermore, despite the absence of I?cB« 
in all tissues, changes in the constitutive nuclear levels 
of Rel/NF-JcB are cell type-dependent. For example, 
whereas an increase in constitutively nuclear p50/RelA 
and p50 homodimers was observed in ikba''*~ 
thymocytes and splenocytes, the levels of constitutive 
Rel/NF-K-B complexes were unchanged ia ikba— 
emfaryomc fibroblasts. This finding indicates that IkBcc 
is more important in regulating the cytoplasmic 
retention of Rel/NF-^fcB in hemopoietic than certain 
non-hemopoietic cells. However, in response to 
activation signals, the nuclear locaii2ation of Rel/NF- 
kB in ikba'*- fibroblasts is prolonged, indicating that 
IicBa is essential for post-induction repression of Rel/ 
NF->cB. 

In the absence of p50/pl05, most njkbi- - ikba-^- 
micc survive significantly longer (3-4 weeks) before 
succumbing to the same inflammatory disease as 
ikba' ' mice (Beg et aL, 1995). The absence of pSO 
significantly reduced constitutive nuclear levels of Ad/ 
NF-ktB m thymocytes, suggesting that the constitive 
expression of Rel/NF-/cB may be critical m the 
neonatal lethality of ikba-^- mice. 

To assess the extent of functional redundancy 
between IkBc and IvBft two IkB proteins that share 
extensive strucmral and biochemical similarities but 
different patterns of expression, a *knock-in' strategy 
was employed. This involved deleting the ikba codmg 
region and replacing it with the ikbb gene, which was 
now under the transcriptional control of ikba 
regulatory sequences. In contrast to ikba~*- mice, 
these homozygous knock-in mice are normal (Cheng 
ei aU 1998), Consistent with the absence of inflanrnia- 
tory disease, the regulation of Rel/NF-?cB is equivalent 
to that of wild-type mice. This indicates that IicBoc and 



IkB/? have similar biochemical properties and that 
these two inhibitiors'have acqtitfed (Hffepeaat 
primarily through a difiemndal pattern of expression. 

bcW-'f- mice Bcl-3,. a distinct member of the iKB-like 
protein family expressed primarily in hemopoietic tissue 
and liver, selectively mhibits DNA binding by p50 
homodimers, but can also transactivate KB-dcpencknt 
gene expression in the presence of p52 homodimers 
(Hours €l d., 1993). bcl~3'^- mice develop normally, but 
exhibit defects in antigen-specific B- and T-cell leaponses 
when challenged with various pathogens (Franzoso e: 
aL 1997; Schwartz f^dt/., 1997). Both theThl response to 
r. gondii and the capacity to produce specific high 
affinity T cell-dependent IgG2a antibodies to influenza 
are impaired in bcI-S knockout mice. Moreover, 
consistent with the failure to mount a normal antibody 
response, follicular splenic B^cell numbers are reduced 
and germinal centre formation is severely diminished, 
The underlying basis of these defects may be due in part 
to impaired antigen-dependent priming, since naive T 
bd'5-^~ cells polyclonally activated m vitro are able to 
produce normal levels of Thl cytokines such as IFN-y 
(Fianzoso et aL, 1997). Such a defect is consistent with 
the depletion and loss of specific splenic marginal zone 
macrophage populations associated with the disrupted 
Splenic architecture observed in hcI-S" mice. 

ikbe-'- mice IkB€ is a highly-specialized inhibitor of 
RcI/NF-kB complexes and is expressed at high levels 
primarily in T cells of the thymus and spleen, and to a 
lesser extent. In lung, ovary and testis (Li and Nabcl, 
1997; Memei et aL, 1999), However, I*cBc-deficient mice 
are viable, fertile, and lacking in severe immune defects 
(Memet et aL, 1999). The only detected alterations in 
ikke--^ mice are a 50% reduction in the number of 
CD 044-0025"^ T cells and increased expression of 
certain immunoglobulin iso types and some cytokines. 
Nevertheless, ikke- - mice show a normal response to 
several pathogens (Memet et aL, 1999), In part, the 
minimal effect of loss of IkBc may be due to 
compensalory Hp-regulation of I^Ba and IkB^ expres- 
sion in ikke--' mice, and ikke^ ~ikka-f- double mutant 
mice die earher post-natally than single ikka'^^ mice 
(Memet and Isradl, personal communication). 



Noll mutations for the IkB kinases 

The principal IkB kinase (IKK) is a complex contain- 
ing two related catalytic kinases, IKKa and IKK^, and 
the regulatory protein IKK;', which is involved in 
kinase activation (Mercurio and Manning, i999). 
Despite the sequence simiiarity of IKKa and IKK^, 
the analysis of single knodiLout mice for these kinases 
has established that Rel/NF-PcB activation by proin- 
fiammatory cytokines is dependent largely on IKKj?. 
whereas LKKo induces RcI/NF-kB during skin and 
skeletal development in response to an unidentified 
morphogenetic signfll(s). 

ikka-^~ mice Mice homozygous for an ikka null 
mutation die post-natally, afflicted with multiple 
morphological defects, the most striking of which is 
the encasement of the embryo in a shiny taut skin that 
prevents the emergence of fore- and hind-limbs (Hu et 
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.aivrl999; Takeda et Other defects include an 

-abfienee-of e^rt^ucation of the head and snout, and 
skeletal abnonnalities affecting the vertebrae^ sternum, 
skull and digital phalanges that arise from the absence 
Of inappropriate fusion of bones. Although the limbs 
of ikka'*" mice appears as ili-fonned protrusions, 
' beneath the skin they are almost nonnal in size, 
although lacking defined digits. The failure of limbs to 
emerge during embiyogeaesis appears to be the resuh 
of a block in keratinocyte differentiation, while the lack 
of distinct digits is due to an absence of programmed 
cell death that normally occurs within the interdigital 
regions. 

The finding that loss of IKKoc in mice causes 
developmental defects, suggests that, as in flies 
(Govind, 1999), Rel/lSnp-icB proteins regulate genetic 
programs in vertebrates that are associated with 
development as well as with immunity. This conclu- 
sion, while seemingly at odds with an absence of 
developmental defects in mice lacking individual Rel/ 
NF-icB subunits^ may emphasize the redundant 
function of Rel/NF-icB proteins in mammals. Alter- 
natively and certainly possible, the IKK complex, 
espedally IKKa, phosphorylates substrates other than 
IkB or regulates additional signaling pathways. Never- 
theless, evidence of a role for Rel/NF-icB factors in 
vertebrate limb and skin development has previously 
come from ovcr-cxprcssing mutant IJcBa in chick 
embryos (Bushdid et ai, 1998; Kanegae et ai, 1998) 
and in the dermis of transgenic mice {Scitz et al, 1998). 
The normal induction of Re1/NF-k:B in ikba- - 
embryonic fibroblasts in response to the pro-inflam- 
matory cytokines TNFa or IL*l occurs via IKK^ (Hu 
ef aL, 1999; Takeda et aU 1999), and this finding 
suggests that an unknown set of signals operating 
through IKKot is required for the induction of Rel/NF- 
kB during skin and skeletal development. 

The Rel/NF-fcB-regulated genes required for bone 
and skin differentiation that are activated via IKKa 
remain to be identified. Conservation of the vertebrate 
and invertebrate Rel/NF-fcB pathways makes it highly 
likely that certain of the Dorsal-regulated genes 
important for embryonic pattern formation in flies 
will also be regulated by RcI/NF-kB in mammals. One 
such gene may be tmst, the expression of which is 
reduced in ikka--- embryos (Takeda et aL, 1999). The 
skuU and bone defects in ikka^*~ mice resemble the 
phenotypes seen in mice heterozygous for a null allele 
of twist and in people suffering from Saethre-Chotzen 
syndrome, an autosomal dominant disorder arising 
from mutations in twist. (Howard et al^ 1997). Other 
ikka-- defects such as the lack of external cars, a 
partially split sternum and forked xiphoid resemble 
defects seen in mutations of various bone morphoge- 
nctic proteins (Hu et aL, 1999), suggestmg that IKKa- 
dependent signals may regulate the localized expression 
of bone morphogenctic proteins. 

ikkb' ■ mice The loss of IKKjff leads to embryonic 
death between days E115 and E14.5 post-coitum (Li et 
ai, 1999; Tanaka et al.; 1999) and hke refa— embryos, 
appears to result from fetal hepatocyte apoptosis. The 
conclusion that ikkb~'~ and rela-^- micB die from a 
common defect is supported by the ability of TNF 
receptor 1 (Li et al, 1999) and TNFa (Doi er al, 1999) 
null mutants, respectively, to block the embryonic 



lethality assodated with the loss of IKK^ and RelA. 
Consistent with a perturbation of TNFot signals Iradicg- 
to the death of tfcjfcft"'" embryos* a weak induction of 
Rel/NF-KB in ifcte"'" mouse embryonic fibroblasts by 
TNFa establishes that proinflammatory cytokines 
induce Rel/NK-icB through DCKJ? and not IKKct (Li 
et al, 1999; Tanaka et a/., 1999), While the analysis of 
in vitro hemopoietic colony assays established from the 
fetal liver of MA"'" embryos indicates tliat hemopoi- 
esis is normal in the absence IKK^ (Tanaka et al^ 
1999), monocytic progenitors in the fetal liver of E12 
rela"^' c-ret'' embryos fail to differentiate in vitro due 
to apoptosis (Grossraann et aU 1999). These findings 
support a model in which the acdvadon of Rel/NF-jcB 
in response to stimuli that promote monocyte 
differentiation operates via an IKKj5-independent 
pathway. 



Transgenic mice 

ReljNF-^KB transgenic mice 

Despite the rearrangement and amplification of 
various Rel/NF-KB and IkB genes in human 
leukemias and lymphomas (Rayet and Gelinas, 
1999), targeted over-expression of RelA (Perez et al, 
1995) or RelB (Weih et al, 1996) in the thymocytes of 
transgenic mice does not lead to the development of 
thymic or peripheral T-cell abnormalities. However^ 
this conclusion may be somewhat misleading in that 
over-expression of RelA does not result in an increase 
in its nuclear levels as there is a corresponding 
increase in endogenous iFcBa, with which RelA forms 
a cytoplasmic complex. Over-expression of RelB» 
however, is linked to an increase in nuclear ?cB site 
binding activity (Weih et al, 1996). Taken together, 
these findings indicate that LkBk differentially reg- 
ulates RelA and RelB in thymocytes. 

Transgenic mice over-expressing the v-Rel oncopro- 
tein (Giimore, 1999) in thymocytes develop T-cell 
leukemias (Carrasco et a/., 1996). The major nuclear 
v-Rel-containing DNA-binding complexes expressed in 
these tumors are v-Rel homodimers and v-Rel/p50 
heterodimcrs. v-Rel-mduced tumors develop faster in 
mice homozygous for the null allele of njkbl^ 
suggesting p50 retards v-Rei-mediated leukemogencsis 
{Carrasco eX ai, 1996), However, over-expression of 
IkBol in v-Rel uansgenic mice (Carrasco et al, 1997), 
which selectively reduces the nuclear expression of v- 
Rel/p50 heterodimers but not v-Rel homodimers in 
thymocytes, retards leukemia onset and changes the 
charactenstics of the disease. This suggests that the 
different v-Rel-containing dimers may play distinct 
roles in T-cell leukemogencsis. 

IkB transgenic mice 

Over-expression of IkBcl^ and IkB^^ Mutant IxBa 
and IfcB^ protdns (IjcB^ and IkB^J that are no 
longer susceptible to signal-induced degradation have 
been expressed as transgenes to ablate the nuclear 
expression of RcI/NF-kB complexes in a developmental 
and, tissue-specific fashion. Several groups have 
independently targeted these IkB *super repressors' to 
the T-odI lineage using various T cell-specific 
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promoters. (Attar et aL, 1998; Boothby ei al, 1997; 
Hettnuain a/., 1999), While thymocyte development 
proceeds normally in the absence of individual Rcl/NF- 
fcB famUy members, there is a significant reduction m 
the number of peripheral CDS* T cells in mice 
expressing cither IkBo^ or LcBjS^. The prolifaative 
response of those remaining peripheral T . cells or 
thymocytes to various mitogens, including cro^-linking 
to the T-cell raoeptor, is impaired (Boothby et al.y 
1997; Hettmam ei aL, 1999), and IkBP„ transgenics 
display impaired T cell-dependent immune responses 
(Altar et ai, 1997). Cross-Unking of CD3 on double- 
positive (DP) thymocytes (CD4*CD8*) normally 
induces apoptosis, however DP thymocytes from 
IicBa„ transgenic mice are resistant to this fonn of 
cell death (Hettmann ei al, 1999), This suggests that 
Rel/NF-icB transcription complexes may promote 
thymocyte cell death under certain circumstances, a 
fibading not inconsistent with the emerging model that 
these transcription factors can both promote and 
inhibit apoptosis (see Barkett and Gilmore, 1999). 

In stratified epithelium, the mitotically active basal 
cells cease to divide and undergo terminal differentia- 
tion upon outward migration. The observation that 
NF-JcB proteins are cytoplasmic in mitotically active 
basal cells but localize to the nucleus of differentiated 
supradermal cells suggested that NF-kB may be 
involved In the switch from proliferation to growth 
arrest and differentiation. Consistent with such as 
model, targeted expression of InrBa^ to the epidermis of 
transgenic mice leads to epithelial hyperplasia (Setiz et 
aL, 1958), while expression of transgencs for constitu- 
tiveJy nuclear p50 or RelA mutants leads to an 
inhibition of epithelial cell growth (Sdtz et ai, 1998), 
These findings are cousisient with the recent observa- 
tion that IKKa-deficient mice, which fail lo activate 
Rel/NF<«:B in epithelial cells also exhibit a block in 
epithelial celt difFerentiation coupled with basal cell 
hyper-proliferation (Hu er ai,, 1999; Takeda ef a/., 
1999), 

Over-expression of Bcl-3 bcl-3, which is rearranged 
and over-expressed in chronic lymphocytic leukemia 
(Rayet and Gelinas, 1999), leads to an mcrease in p50 



homodimer DNA-binding-^activity when ovcr-eacpresscd 
in-transgenic-mice"( CaanljaiIo e t gt, 1 9 9(i)> T htg^ding — 
contrasts with the transient over-expression of Bd-3 in 
cell, lines, where BcI-3 inhibits DNA binding by p50 
homodimers (Franzosp~er-fl/^--1992). Interestingly, 
over-expression of Bd-3 in thymocytes docs not 
induce T-cell leukemias. This indicates either that 
Bcl-3 is only oncogenic in ccrtam cell lineages, that 
the stage tn the transformation process when 
deregulated Bcl-3 expression occurs is critical, and/or 
That Bcl-3 over-expression requires additional muta- 
tional events to be oncogenic. 



Concluding remarks 

The information revealed by the mouse models 
described herein have provided many insights into the 
physiological roles of the RcI/NF-kB signal transduc- 
tion pathway in mammals. Noteworthy examples of 
important, yet unexpected findings revealed by these 
mice include that morphogenetic and cytokine signals 
appear to be transmitted by IKKa- and IKKfi- 
dependent pathways respectively, that different combi- 
nations of RcI/NF-kB proteins arc crucial in promot- 
ing B-cell differentiation and survival at different stages 
of development, and that RcI/NF-kB factors appear to 
play a more important anti-apoptotic role in B cells 
than in T cells. In the future these mice will prove to be 
crucial reagents for developing new cell models, for 
examining the roles of Rel/NF-«:B in different diseases 
and for determining whicli target genes are regulated 
by particular Rel/NF-^-B dimers. 
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Antigen deUvers both immunogenic and tolerogenic signals to lymphocytae. The outcome of antigen exposure 
repros^its a comj^rfex integration of tha timing of antigon binding with signals fnini many other immunc^enic and 
toiwDgenic cofitlmulatory pathways. A raad map of these aignalling pathways is only beginning to be charted, 
revealir^ the mechansim of action and ttmitatlons of current immunotherapeutlc agentB and the points of attack for 
new agents. Ciclosporin and tacrolimus Interfm with tolerogenic signals ftom aitlgen In additkm to Uoeking 
immunogenic signals, thus preventing active establiahment of tolerance. Corticosteroids Inhibit a key Immunogenic 
patiiwayp NFkB, and more specific inhifaHors of this pathway may allow tolerance to be actively astaMbhed while 
immune responses are blocked. New experimental therapies aim to mImJc toienigenic antigen signals by chronically 
stimulating antlgm receptors with antigen or antibodies to the receptor, or aim to block costimiilatory pathways 
involving CD40 ligand, B7, or Inteiieukhi 2, Obtaining the deslrod respond with these strategies is unpredictable 
because many of these signals have both tolerogenic and Immunogenic roles. The cause of autolmune dlssasee has 
been determined for several rare monogenic disorders, revealing Inherited deflci^eles hi tolerogenic costhnulatory 
pathways such as FAS. Common airtohmnune disorders may have a biochemically related pathogenesis. 



i 



Self-tolerance is an essential feature of the immtine 
aystcm^ and works to protect tissue antigens from 
becoming cargers of damaging munune reaponBefl during 
clearance of infection. The imnnme system normally 
exhibits exguifiite specificity in disdngui&hing infectious 
antigens from self antigens. Vigorous antibody or T-cell 
responses -are mounted against infectious antigenSj 
whereas $elf antigens generally dicit only transient ot 
weak responses even when incorporated into an 
infectious parade. 

Adaptive immune responses start witii the binding of 
antigen to antigen receptors oa rare lymphocytes* The 
number and activity of tixese cells is then greatiy 
expanded by clonal proliferation and differentiation. The 
response of individual lymphocytes is governed, however, 
by opposing immunogenic and tolerogenic signals, and 
the latter nonnally prevail for lymphocytes that bind self 
antigens. Disturbance in the aatunil balance between 
immunogenic and tolerogenic signals due to genetic 
fectors can give rise to autoimmune disease. Progress in 
delineating these opposing signals provides opportunities 
to conect the primary disorder in autoinimime patients. 

CounteilialanclQg Immunogenic and 



Two basic types of emacellular stimuli control 
lymphocyte growth and development (figure 1). The first 
is antigen signalling, throu^ don^-spedfic antigen 
receptors. The second is co$timuli, which encompasses a 
numb^. of signals^ through receptors that are not antigen 
specific. Importantly, particular antigen or costimuJi 
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signah are rarely obligately immunogenic or tolerogenic. 
Their timing and the way ihey arc integrated at key 
checkpoints in lymphocytE development determines how 
a lymphocyte responds. Strongly imiminogenic costimuli 
can shift the balance to immunity in the &ce of strongly 
Tolerogenic anagen signals^ and strongly talerogeaiic 
costimuli can over-ride strongly immunogenic antigen 
signals. Dectphermg the molecular logic behind this 
signal integration is the central chalknge facing clinical 
manipulation of tolerance and immimi^y. 

Immunogenic and toierogenic antigen sJgnais 
Antigens transmit signals to lymphocytes by binding xa 
B^ell receptors Caurfece immunoglobulin on B c^), 
and to T-ceU receptors (TCIU) on T cells. B-cell 
receptors and TCRs signal through a cascade of protein 
tyrosine kinasea and protein-lipid phosphorylation. 
Antigen transmits immunogenic or tolerogenic signals to 
lymphocytes through these receptors. Continuous 




RguP8 1: SdiamaUc dlq^m Illustrating tiie balance of 
Immunogeidc and txHerogMilc slgnala Acting lymphocyt* 
reaponBos tt^ antfeGen 

LPS»llpopQ(yaacQh9ride. 
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tJjat is esssitial for^i^ gignalling to NFkB fey 

^i=^R^cxU^Teceptor8.r Tolc^^ sieriBlling to ant^n 
^ ' j^aiTM intftct OfT oohancttd in BTTK-^i^&cdvc B cclis. 
This se!ccd7« role in immunogenic aigaalliiig migbt 
explain the poweiful suppiession of^systdnic hipus in 
NZB/W mice when defects in BTK are intiodiaced 
by breeding* Tlie sclcctwe role of the BTK/NFkB 
pathway in inunAinogenic signalling to antigeii thus 
makes it an atcractivc target for new inunnnosiipprcssive 
drags. 



Flguw 2: BlocheflnAcally (R«tkict aigkials undetpm Inrnnum^c 
ami toJerogenlc responses to antt^ii in B tynrqihacytea 

Immunagenic signalling occur wlwn anflgsn Is ancountered sucWeniy by 
fttature B cells« and Is augrnai^d ts/ DEKchJStering of complement C3d- 
reoeptQN CR2. and concurrent stimulation tiy CCWOL ftom helper T o^te 
or bacterial products such as llpopolysacchande ^LPSV One of the chief 
pathways dciivetsd by these sisals i& HhtB, a ONA binding protein faml^ 
that mmea to me nudsus oncB actlvBtedL m we nucteus, NFkB » pivotal 
to stimiJlating ocpresaton of meny toy S lymphocyte 0owth ienes, 
promotir^ cell prolrfor^n and antibody, ihe Bcell iW8ptor also 
activates arwtfiw DNA DirKJing prflteln, WFATc, whSch moves to tfte 
nucleus after cafciunv^ndijced def^spnoryistlon and can worl^ 
synefSlatlcally wfth fiFkB, On Its own, NFATc can actwate InhlbllDry genes 
such as the inhibitov leceptor CD72. Toierogprtc stgnalling occurs when 
artl^ is encountered chronically, whidi reairits in inMbftory changes 
that diminiBh calcium ajgrvBllIng so mat NfkB Is no longer erfrvoted, Co- 
cluataring of the receptor for IgO, Ft?yR2b, also irtfiibits immunogenic 
signalling to KFuB. Ahscncse of CDstlrmill such as CIMOL or IPS is also 
critical to allow tolefogenic signalling to proceed In the absence of NFkB. 

binding of antigen over several daySj as is often ifae case 
for self antigens* usually transmits tolerogenic signals. By 
contrast^ a sudden increase in receptor croaalin]dng> as 
occurs in most infectionSa tends to transmit immunogemc 
signals. Binding of antigen during immature lymphocyte 
formation in bone marrow or thymus, as occurs for maoy 
self antigens but few infectious antigens, tends to be 
xolerogenic' Immunogenic signals are fevoured when 
antigen is first encoimtered after lymphocytes have 
macm^d and reached the secondary lymphoid tissues, 
where in&ctious andgens tend to be trapped. 

Immunogenic and tolerogenic antigens elicit different 
biochemical signals within lymphocytes^ ^figure 2), These 
biochemical dififcrences provide opportunities to develop 
immimosuppiesssints that mirror these diffeienc si^ial 
patterns. In mature B lymphocytes, tolerogenic signallin g 
by antigen elicits a smaller calcium response than 
izimiua<^enic antigen. The calcium concaitration 
achieved with tDlerogcnic sigoals is enough to activate the 
nuclear feaor of activaced T cella (NFATc) but 
insufficient to activate the nuclear factor kappa bindmg 
molecule (NFkB). NFATc and NFkB are DNA binding 
transcription fectora that promote expression of difiexcnt 
sets of genes. >3FAT is essential for turning on 
lymphocyte inhibition as well as actrvatoiy genes, 
whereas IfFicB is mere purely immunogenic, because it is 
essential fiir inducing genes necessary for B and T cell 
proliferation and antibody production. As a result, a 
dtEEexent pattern of gene espression is establisBed by 
tolerogtnic and immunogenic exposm^s to the same 
antigen.^ 

Deficienty of the NFkB transcription factor, o-tel, 
aboliahea both T and B cells* immunogenic responses to 
antigen.^ The inherited immtmodeficiency syndrome, X- 
linked agammaglobulinaemia, is caused by defects in 
Bruton*s tyrosine kinase (BTK), an intraoellular enzyme 



Immunosdnic cosf/mu/i from m/croo/ganiisms 
Costimuli arise from many sources in the lymphocyte 
microenTOonment. Perhaps the only purely 
immunogenic costimuli come fiom conserved 
components of infectious microorganisms. The 
lipopolysaccharide (LPS) moiety of bacterial cell walls 
and DNA rich in the dinudeotide, CpG fcom bacteria 
both activate tiie NF«B patiiway in lymphocytes throu^ 
surface receptors of die ToU-like receptor (TXR) family'-* 
(figure 2). These immunogenic costimuli also signal 
lymphocytes indirectly by activating antigen presenting 
cells— dendritic cells, macrophages, and B ceils, to 
produce additional immimogenic costimuli such as the T 
cell activating cell sutfiace protein B7 (CD80) and the 
inflammatory cytokine tumour necrosis factor alpha 
(TNFa), Bacterial adjuvants have been explored as 
experimental therapeutics to promote immunogenic 
responses to autoantigens on tumour cells hut give rise to 
other undesirable inflammatory effects. Their effect may 
be more specifically emulated by activating dendritic cells 
bearing tumour antigens in vitro and giving these cells to 
the patient. 

Costimuli from stressed and dying ceU^ 
Cell death through apoptosis occurs physioiogically in 
healthy tissues without inflammation or immunogenicity. 
Engultoent of apoptotic cells by tissue macrophages, 
dendritic cells, or fibroblasts elicits sigoals riuxiugh the 
phosphatidylserine receptor that promote syntiicsis of die 
tolerogenic cytokine, transforming growdi factor beta 
CTGFp; figttce 3) and inhibit production of the 
hnmunogenic cytokine TNFa.' By contrast, patiiological 
cell death by necrosis links antigens witii immunogenic 
costimuli. Necrotic cdla, and antigens released from 
necrotic or stressed cdls complaced wirfi the heat-shock 
proteins, Hap96 and HspTO, activate dendritic cells to 
cscpress hnmunogenic costimuli induding B7 and 
TNFet,'^ In patients and animals models with 
developing neoplasms, increased production of tiiese 
inununogenic costimuli through cell dysplasia and 
necrosis may account for the frequent detection of 
subclinical autoantibodies and for the less firquent 
paraneoplastic autoimmune syndromes. The latcer mi^t 
simply reflect rare cJinical manifestations of common 
autoimmune responses to dysplastic tumour cell 
autoantigens, as a result of chance reactivity of the 
autoannlwdies with a vital cell receptor. Likewise, cell 
stress and dysfunction in specific organs, such as the 
pancreatic beta cell, may be an immunogenic costimulus 
for autoimmunity. 

Oua^ rofe of the compte/nent system 
Activation of the serum complement system by faretrgn 
ceils or pBrtides produces pcwerfolly immunogenic 
costimuH, partly by covalently tagging die infectious 
antigens with die coia^Jlement cleavage produa C3d, 
C3d signals immunogeoically to B lymphocyicSj through 
tiie complement C3d receptors, CRl and CB2 (CD21 
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Figure 3: Bloclwmfeaiy dEatincta^lB unilBipin ImnunogMlc 
antf toleroipanic re^nBes to antigen T Sympimcytfta 

Enantmoganlc afgnallbig occurs ¥*en antigen peptide and MHC 
complexes are encountered sucManly by mature T cells, end Es 
augmented by concurram athnulatlon B7 molecules aitga^ng CD2B, or 
ttnd(ng of TNFk. One of the chief pathways activated by these signals is 
NFkB. a DMA biiK£ng protein family lhat moves To the nucleus once 
a^^t^Bta<L In the nucleua, NFhB Is pAwcsl to stfanulacing expression of 
many keyT lymphocyte growth ^es» pnomotuig cell profitealion and 
inftammetory ctjrtokines. The TCR also activatea another DMA bhoir^ 
protein. NFATc, which mcvafi tD the nucteus after calcium'tnduced 
dephosphofylatton and can work synergisticalbf with NFkB. On its (wn. 
NFATc can aefivate bnhlbitaiy genes such as the deaiti reoeptcr Dgand. 
fteL Tolerogenic slgiralllng occurs when antigen is enoountefed 
chronically, which rssufts !n InhihJtaiy changes that diminish calcium 
slgnsltlng so that NFkB is no longer actnmted* C02S Is dwni^tated 
and an inhibitory receptor fior B7, CTLA4, Is upregMlaied. Concun^nt 
ailmuietlon by TCFp inhibits expression of lymphocryte growrWi ^ncs, 

an£ CD35) , when a C 3d'tagged aadgen' causes 
clustering of liiese receptors with the B-cdl receptors 
Cfie^ure 2). Complement compwients Cl> C2, C4, ami 
the CRiy2 complemenc receptors are also important for 
ddiveting tolerogenic signals^ since inherited defidencies 
of these elements in human beings and mice are 
associated with susccptMitjr to autoimmune disease, 
Clq deficiency leads to an inability to clear apoptsotic 
cells efiSdentlyi and this may either diminish the 
tolerogenic signals elicited pbysiologieal cell corpses or 
allow them to become immunogenic J"* 

Dual fX)le of the B7 system 

Cell surface proteins of the B7 familyi displayed on 
antigeii presenting cells such as macrophages, dendiidc 
c&ll8> and B lymphocytes^ deliver immunogenic costimuli 
to T cdls by signalling throng the CD2S and inducible 
coatmnilator (TCOS) receptors^w* (figure 3). The B7.1 
and B7 ptoteins are induced on andgen presentiQg cells 
by other immunogenic costimuli, such as LPS, necioric 
cells^ or immunogenicantigcn receptor sigEials in B cells, 
creating a cascade of immunogenic signals^ Inmmno- 
suppressive therapy aimed at bloddng the immunogenic 
efGecta of B7.1 and B7.2, notably die recombinant 
proteb ^tagonist CTLAM^ has been shown to 
impro>9e the^symptoms of psoiiasis. 

B7yCD28 co&timuli are tolerogenic in other contexts, 
notably in immature thymocytes where they enhance 
clonal deletion. The B7/CD28 pathway also SHnmotes 
tolexanoe by sigaalling the ftrmatioii of regulatory 
GD4+C:D25+ T cells that may be required for tolerance 
to tissue antigens." B7.3 and B7.2 proteina also transmit 
tolerogenic sigaab to T cdls by gngwg^ng another 
receptor, CnJV4, that is present at very low levels in 
resting T cells and substantially increased by chronic 
antigen signak" (figure 3). The importance of CTLA4 as 
a brake to the system is showD by the lethal inflanunatory 



is blocked' with arttibodies 



Dual role of. TNFa family of proteins and feceptors 
"Acdvanon of ':T cells and other innate or adaptive 
inunune cells elicits an important and gixmng class of 
unmuhogenic aud tolcrogctiic osstimtili related to the 
cytoldncj TNFot, TNPa itself has a pleiotropic effifect on 
-liimnuiie iiespooGes and inflammatory cells/'^ In some 
contestSa TNPa promotes self-iolerance and CDS T cdl 
delenon) whereas in others TNFa promoCBS T cell 
activation and autoimmune disease. InherLted 
deficiencies in TOTce or its receptors in mice results in 
poor cytotoxic T-oell-mcdiated resistance to certain 
viruses and inability to form follicular dendritic cells 
needed for humoral immuatty. Symptoms of rheumatoid 
artiMitis improve after blocking TNFa widi antibodies or 
recombinant protein antagonists> indicating diat 
production of i3iis cytokine by T cells in the synovium has 
a key infiammatoty role," 

CD4Wigand (CD40L) and Fas-ligand are two 
protetns related to TNFa with essential regutatory 
functions. Both arc membrane-bound proteins displayed 
on T cells following T-cell reoepcor signals. CD40L 
engages its recqjtor, CD4O5 cn B cells and dendritic cells 
to activate immunogenic responses through the NFkB 
pathway." The importance of CD40L as an 
immunogenic costimulud is shown in children and mice 
with inherited CD40L deficiency^ the X-linfced hypcr- 
IgM syndrome, where there is an absence of IgG 
antibody respotises and defective T-cell immiiaity, 
Bxpcrimcutal therapies based on blocking the 
immunogenic cflfects of CD40L on B cells and dendritic 
cells widi antibodies showed spectacular promise in 
animal models, notably achieving loi^-term allograft 
toJexance in primates.^ Clinical trials in human beings 
have been suspended^ however, because of 
thromboembolic complications in a subset of 
participaocs. 

CD40L also seems to have an important tolerogenic 
rolc^ since CD40Lrdeficient children are also commonly 
a£fected by autoimmune disease. CD40L is needed as a 
tolerogenic signal for B cells to increase expression of Fas 
(CDSS): the receptor for FAS-L." FAS itself transmits a 
potent tolerogenic costimulus by triggering the death and 
deletion of self-reactive B and T lymptiocyies. 
The in^ortance of die FAS pathway is seen by the 
systemic Autoimmtme Lymphoprolifi^tive Syndrome 
(ALPS) in human beings and mice with inherited 
de fi cien c ies in FAS-L, FAS, or die downstream protease 
Caspase-10,^«« 



tnhibitjofy co-neceptors 

This is a rapidly growing class of receptors that transmit 
inhibitory or tolerogenic costimuli to lyiiq>hocytes 
functions by recruiting protein tyruBine or lipid 
phosphatases. The prototype fiir this &mily is the low 
afifimty receptor for IgQ, Fc^R2b^ on B cells." Antigen 
imd atktibody complexes cause the antigen receptors to 
duster with FcyMb, preventing B cell activation by 
otherwise immunogenic antigens audi insteadj ttiggering 
death and deletion of tbe B cells (figarc 2). This 
mechaoiEm b believed to eacplain the tolerogenic efiEect of 
anti-RhD prophylaadSj in 'vdiich small amounts of IgG 
anti-RhD antibodies given to Rhrnegative motlLers 
prevent maternal antibody responses to &tal KhD 
antigen. 
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_j —J&^^Vex" botbL"hninunoBrajc: and tolerogenic 

by intcfleuldna 2, 7, and IS-"*"^ All three signal T and B 
ceU$ liirougli multisTibiamt receptjois ihat share a 
common gamma chain (yc). Inherited deBciency of the 
7c subtmit accounts for X-linked Severe Combined 
Immunodeficiencya charactcriaed by lack of naive or 
memory T and B cells. IL-7 delivers essential coBtimiili 
diiougb 7C that promote naive T and B cell formation in 
thymiis and bone marrow and promote survival of naive 
T cells in ±e lymph nodes. Similarly, growth and 
persistence of memory CDS T cells is promoted 
primaiib by IL-15, By contrast^ the essential fimcuon of 
lLr-2 in vivo is to deliver a toleiogemc costimuhis, despite 
its or^jnal discovery in risKue culture as a so-called T-ccll 
growth factor. Mice lacking IL*2 or the unique IL-2 
receptor alpha subunit develop a severe T cell 
lymphoproliferative disease with numerous 
autoantibodies. IL-2 sendtiseti T cells to receive 
tolerogenic signals by the Fas receptor system, and may 
also be required to sustain a tolerogenic subset of 
CD4+CD25+ regulatory T cells. 

Ttansfotming grovrth factor beta (TGP-p) deliverB an 
important tolerogenic signal to lymphocytes, and mice 
lacking this cytokine rapidly develop a lethal syndrome of 
lymphocyte hyperacd\dty and autoantibodies.*' TGF-p 
inhibits the entry of lymphocytes into die cell cyclcj and 
thus mi^t establish a high tolerogenic threshold against 
which immunogenic signals firom antigen and costimuH 
must work to initiate lymphocyte responses. The early 
response to immunogenic antigen b differentiated from 
tolerogenic antigen responses in pair by rapid 
downregularion of inhibitory transcription factors in the 
former.* TGF-p seems likdy to establish these inhibitory 
factors in quiescent and tolerised lymphocytes. TOF-jJ 
production by macrophages is indxiced by recognition 
and caguifinent of cells that have died by physiological 
(non-inflammatory) apoptosis.' MacxophageSj dendritic 
cells, and T cells making TGF-$ seem to promote 
tolerance to self and foreign antigens in the eye, lung, and 
gut.^**** Linking antigen signals with TGF-p signals may 
be the basis for the experimental phenomenon of oral 
tolerance. Clinical trials arc underway aimed at 
preventing type i diabetes or ameliorating multiple 
sderooia by inducing oral tolerance to pro-insulin or 
mydin basic protein. 

Intagralioii of tolerogenic and iirnium^nic 
s|0ials at dHfereitt steps in the Immune 
response 

Ihcegration and timing of antigen signals and costimuli 
occur at numerous checi$iointa in lymphocyte 
development. These checkpoints arc placed aU along the 
developmental pathway, ftom tiiose that delete newly 
fbmed B or T cdls in tlic bone marrow and thymus 
through to those that abort the formation of tenninally 
differentiated plasma cells or killer cells. Lymphocytes 
integrate, antigen signals and C(^muH very differently 
from one checi^oint to another, because expression of 
receptors their intracellular response machinery 
change during development. The multiplicity of 
checkpoints exists presumably for two main reasons, 
'Bmtj no single mechanism can adequately ensure 
tolennce to all self antigena. Second^ the existence of 
multiple mcdianiaxDa balances tiie need for tolerance 
against die need to use cells that crossreact between self 
and foreign antigens* for rapid immunity against 
mfecticn." 



Oonat del&ifcii in certfra^/yrnpfto/dSfe 

In ite hon^mmow^and^:^^ ^rr. '.:^L.-^ - 

. antigen. recepiota:.^ifiz3QO£i^^^^^^^^ijEL 
immunogenic for a mature ' jto^^ocyt^^it^Mmost 
cxdnsively tolerogcna for iieviy-fdtrriSdJ.B- anc^ 
Hie basis for the toloBgrauc fft^^ 
lymphocytes seemi to be "a irsuIPSPmi^^liiiigs: 
difiEbrences in the secoiid messengera "elicdted bylantigen 
receptors in immature cdlsj diffiaraices inrthe set of genes 
that can be triggered by second messengers, and presence 
of tolerogenic costimuli in the„bone man^sw and-jctomus 
microenvironments. Immature thymocytes are triggered 
to die even when antigen signals are linked with costimuli 
sudh as B7/CD28 that would be immunogenic to mature 
T cells. In immature B cells, continuous B-cell receptor 
engagement widi stron^y crosslinking self antigens^ such 
as DNA or snrfece antigens on haematopoietic oeUs, 
delivers a tolerogenic signal that unmediately arrests the 
cell's maturation and leads to donal deletion within 1-3 
days. Some of these arrested cells reach the spleen b<iore 
dyingj but they are extraordinarily refractory or anergic to 
tmmimogenic c ostimuli such as XPS and CD40 . 
Particular combinations of immunogenic costimuli, such 
as CD40 and lL-4 from helper T cells, may be able to 
over^ridc the powerfiilly tolerogenic signals from self 
antigen in these situations and break tolerance at this 
point. 

Only a subset of self antigens are nevertheless present 
in sufficient quantity in the thymus and bone marrow to 
trigger clonal deletion. There is simply not enough 
antigen to signal deletion for most doncs which recognise 
antigens present in trace quantities in the drculaiion or 
which are restricted to other tissues, such as the 
pancreatic islets, the brain, or the thyroid. Other 
mechanisms normally ensure tolerance to these antigens. 

CiQnaf anergy 

Self antigens that are present in lesser amounts in the 
bone marrow or thymus, or diat cluster antigen receptors 
less avidly, can signal repeatedly to B and T cells vratiiout 
anaining die threshold needed to trigger attest and 
death.*" This constant "tickling" of ant^n receptors by 
self antigens nevertheless transmitL tolerogenic signals, 
activating feedback mechamams that render the ccU more 
refractory or anergic to immunogenic antigen signals. 
Anergy mediates B cell tolerance to self DNA and 
chromatin, and CD4 T cell tolerance bo systemic and 
oTgaa-spccific antigens. In both B and T cells, anergy 
seems to involve a selective weakening of the connections 
between antigen receptors and the NFkB and JMK 
mtracelhOar signalling pathways. Signalling through 
other mtracdlular pathways such as bJFAT remains 
intact, so that a different set of tolerogenic genes is 
induced and immunogenic cell growth genes connoUed 
by NFkB and JNK are not called into action. The 
weakening of connections to KFkB and JNK raises the 
threshold of immunogenic signalling needed to trip a self- 
reactive cdl into multiplication- In B cells, a sudden burst 
of very avid antigen receptor clustering, or strong signals 
from LPS or CD40, allow suffident signaUing to the 
NFkB pathway to break anergy and drive the cell growth 
cycle. 

Chn&l (SeiBtion and mgutetson in p^rfpfterai lymphoid 
tissues ^ ^ . 

In addition to anergy, a series of peripheral ddeonn 
mechanisms catch self-reactive ccUs that reach the 
spleen, lymph nodes, and otiicr organs.*' Theae 
pen?jhcral tolerance checkpoints act by shortening 
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lymphocyte lifespan,- inhibiting; |ympho<grfe . migration: 

and'tecitcuktioni'orcaiisiiigrapi^ de^'ingenninal; 

centres or liver: Thesc_ prapfaera^ j^r^^ are for the 

most part poor!y'i2xid«cstood in biochemical teniu, with 

die exception of ■ the penpheral >eliiiuziadoa of 

autoTcacdvc B and T cells through the Fas cell death 
patiiway,"^2Mflj? . . - ; 

Patho^fiesto of Mtoinimua* diseases 

Ho^^ does auGoimmime disftBs« arise? Givea the range of 
self^olccance processes^ and the difiSculty eJictting or 
maintaining aiztoimmme responses by deUberate means 
Cfor eEsample in medical and vetednaxy effortB to achieve 
intmuztolo^al contracseption or castcadon)j it is reason- 
able to aak how tolerance to one or more self antigens foils 
in many people. The reafion is as yet imknowBa eacoept for 
the rare patients with inherited monogenic disorders tach 
as ALPS and X-Iinked hyper-IgM» 

Most of the common autoimmune diseases also have 
an imponant inherited elemeatj contxibuting as much as 
50% of the population risk, and partLcuiar types of 
autoimmune diseases thus cluster in fieLmilieft, This 
inherited susceptibility is nevertheless complot involving 
combinations of many different gene allcles.^^ The 
strongest contributions arc made by particular haplotypes 
of the major histocompatibility complex (MHC) and 
specific HLA alleles withiii the MHC, whose products 
present antigen peptides to T cells. Exactly how 
particular MHC alleles predispose to autoimmunity is 
not yet estabb'shed, and one can hypothesise too much or 
too little presentation of particular antigens by products 
of aucepdble HIA alleles. Correlations between auto- 
immune suscepdbiliKy and many other chromosomal 
regions have been found in human beings and mice, but 
the complexity of the inheritance pattern has made it 
challenging to identifr the non-MHC susceptibility 
genes. 

Four basic kinds of defect may potentially give rise to 
autoimmune disease, either alone or in combination. A 
central challenge for clinical immunology will be to 
define which of these faults actuaUy applies for individual 
patients, since the nature of the deficit will deteimiue the 
success or &iiure of emerging therapeutic strategies. 

Insufficient toiercgenic sigpatiing from antJgen 
In order for deietian, aner gy, or regulation to be triggered 
by tolerogenic signalling through antigen receptors, a 
sufficient number of receptors must be engaged on sclf- 
tcactive cells. Autoaniagcns that are only present in trace 
amounts in the lymphatic tissues will not achieve this 
signalling threshold on any but the vsery hig^st afiSnity 
clones. If the autoanrigcn is highly expressed in 
esctralymphatic sites, as is the case for insulin, 
thyroglobxilin, myeHu protdns, skin basement proteins, 
and type 2 collagen^ these concentrated depots of 
autoantigen might suddenly delhrer an acute 
immunogenijc stimuhia to setf*reacdve ceUs that chance 
to migrate into-these sites. This simation seems to be the 
case for B cells and some CDS T ceils.''^" For 
CD4 f cells recognising such antigens, there seems to be 
some autoantigen encountered in lymphatic sites that 
m^t induce anetgy and regulatory cells." - 

Several susceptibility genes for type 1 diabetes may act 
by firthear diminishing this already limiting pathway 
for tolerogenic autoantigen presentation. Diabetes- 
suaceptiUc MHC Class H alleles in human beings and 
mice seem less efficient at presenting antigeosj potentially 
explaining the heightened mk of autoimmunity in 
individuals who are homozygous for these alleles/* A 




•di fe^g8tis cepg6ili^i ^tes8 e 

tfaynrop:pf^tCTtiaiy^lS5^Tig^ 
ofre^ltoy-Toafe to th^^ ~ - 

□n m individuab susceptible to type 1 
eases is simply one 



df-^inadequkte^iole^^ signals' firom the target self 
anogei3^>: then "ddiver^ more of these antigens in a 
tQ]CTgesaic-foim-iB .a ladonat strategy. Obviously, this 
approach has the risk of inducing autoimmunity if the self 
. antigen vis-::deliveied:r£nraii: inimimogemc form in some 
individuals J either due to the way the antigen is 
ptesentedg to presence of immunogenic costimuli, or to 
presence of pnxned or memory lymphocytes that may be 
more refractory to tolerogenic signals. A better 
understanding of the molecular integration of tolerogenic 
and immunogenic signals may be critical to the success of 
specific vaccines against diabetes and other autoinmrane 
diseases. 

Insufficient tolerogenic signals ftom autoantigen might 
also e gpl a in shortcomings of the immtmosuppressive 
drugs, ddosporin and tacrolimus (FK506). These drugs 
block the calcium/calcineurin/NFAT sigoalliag pathway. 
This pathway is continually activated by self antigen in 
anergic B and T cells, and is important for inducing 
tolerogenic costimuli on lymphocytes such as CD72 and 
FAS-L. IntErference with these actively tolerogenic 
signals might explain the systemic autoimmtme disordei? 
that can occur after cessation of the drug, and might 
account for the inabllHty to achieve long-term allograft 
acceptance with these agents,' The presence of 
circulating autoantibodies may compound autoimmunity 
in systemic lupus by blocking the presentation of 
tolerising autoantigens to B ceils." 

Too much iwunogenic si&)atUng from anf/gen 
Sudden presentation of viral or bacterial antigen in a 
highly crosslinked, immunogenic form, and associated 
with immunogenic costimuli produced by the infection, 
can provoke immune responses from T or B ceils that 
crossreact with the microbial antigen and a self antigen. 
In animal models^ this route can activate ignorant T and 
B cell clones that, through a combmation of lower afiBnity 
receptors and limiting self-antigen presentation, had not 
received appreciable tolerogenic signais.^*-*^' Moreover, 
if the immunogenic antigm stimulus is very strong, such 
as occurs with highly multimeric forms of antigen for 
B cells, the stimulus can overcome strongly tolerogenic 
antigen signals to break aneigy**^ or over-iide clonal 
deletion.'*' Whereas a microbial trigger is postulated to be 
the cause of a number of common autoimmune diseases, 
perhaps the best established clinical example is the 
immunopathol<^cal damage of heart valves by 
antibodies that crossreact between valvular antigens and 
streptococcal M protein. 

Interestingly, the self-reactive components of 
crossieactivB responses are usually transient and lack 
memory in most experimental and practical situations in 
which tolerance is transiently broken by knmunogenic 
delivery of self and foreign antigens, Hiis phenomecon is 
a longstanding problem for medical and vetednary effims 
to achieve immunoconlraception and immimocastration^ 
in ^ch the autoantibody titres to pregnancy or sex 
hormones fall prematurely m die face of heartened titres 
to the foreign carrier proteins. Susceptibility to fiiU-blown 
autoimmune disease mi^t therefore require that a 
crossreactive trigger be coupled with defidts in the 
tolexogenic costimuli that noimally create an inhibitory 
feedback on self antigen responses. 



THE LANCET • Vd 357 - June 30. 2001 

/9 d L900-gZZ-6l8 



1900-2ZZ(618) 



2119 

SO=Zl lZ-90-2002 



■ ariae- fioni^deficiencics^f of : tnlerogiemc . costimtiU. . The 
dearest-: cxaiiy?lto,i* buxiian autoimmme lympho- 
proBftcativir:s>ndroine (ALPS), which Mfults from 
pardfll or complete defickncy m dg?ialling by tte 
iccqptot PAS*** Similarly, defideacy of CD40L in X- 
linkcd hyper-lgM syndrome is commonly accompanied 

:^_by^auioiinmtme ..disordeEra cbat mifi^t reflect the n€ed for 
CD40L to induce Faa on sdf-reactive B cells.'' The . 
monogenic antoimmTine disorders listed above are 
clinicdly distinct from the common ftmns of 
ftutoimmune disease, but chey illustrate the essential and 
non-redundant role of tolerogenic costimnli as brakes on 
autnimfflunity. Common autoimmune disorders 
probably ariae &om collections of more subtle gene 
variants that cxdlectivdy diminish the same tolerogenic 
pathways. In support of this notion^ the type 1 diabetes 
susceptibilicy gene in dac NOD mouses Jdd3, seems to be 
a variant form of JL-2 that may reduce the in-^vo 
efficacy of this tolerogenic costimulus.** 

roo much immunogenic cQ$timuH 
There are many artificially engineered animal models 
wh«e overcjcprcssion of immunogenic cosiimuli 
predisposes to autoimmune disease. For example, mice 
that oroexpress TOFa, B7,l, IL-2, or IL^4 on 
pancreatic islet p^ells arc predisposed to type 1 
diabetes.™ Cdl death by necrosis rcleasea ant^ens 
compiexed with immunogeaic costimuli, notably the 
heat-shocfc protdna HSP70 and HSP96, and necrotic 
cells activate dendritic cells. An increase in these 
xolexogenic immunogenic costimuli might cscplain the 
immunogenidty of dysplastic tumours that are 
commonly manifested by the appearance of subclinical 
autoann'badies to tumour antigens and by paraneoplastic 
autoimmune syndromes. Along eimilar Hues, the inability 
to clear dead cells or dmmiatin might provoke systemic 
lupus in people with complement Clq defidency.'* 

Targets for current end future therapy of 



The unfolding of the human genome project will 
accdeiate assembly of a molecular map of immunogenk 
and tolerogenic aignalling pathways. Translating this 
knowledge into cures for common autoimmune diaeases 
will involve researchers addressing two key challenges, 
Firstj wc must develop ways to diagnose the undeiiying 
cause of autoimmune disease in individual patients, 
There is probably little to be gained by ^ving an 
exogenous source of tolerogenic costimuli such as TGF-P 
or Faa-li^d to patients with an underlying problem 
further downstream in the receptors of signal- 
transduction pathways for these molecules. Methods for 
obtaining a genetic fingerprint of thousands of 
immunologicaUy rdcvant gcnea will soon become 
available, and these might provide a way to ahordist the 
likely^athogenic defidts in individuals. Confirmation 
will probably require diagnostic biomarkers or specific 
amys for discrete immunogenic or tolerogenic pathways 
that can be done on blood samples. 

The second critical dement ia development of protem 
or ffT^flll molecule therapeutics that taigct critical 
pathways, diher augmenting tolerogcmc pathways oar 
blocking smmunogEnic ones. Some of the best current 
agents for treating systemic autoimmune diseases^ sudi 
as glucocorricoida, dioloroqnine, and gold compounds, 
seem to worit by blocking the immunogenic NFkB 



path^y;^"' Imittovements onSiheBe- agents:- idcpeiut:^ bniv^ ' 
nattowingrdie action to spedficiwbsecseofeh^ 
an<tT^voi<finy--ihe^-.undeairabLe- ■mci»bcJSc:^^c^"^<^~Z 
ghicocotticoids. To cure fully devdoped autdmmunity, 
drug; targets . will need, to come from underftandiiigr'why 

mcmoryjr.and B ceDs are mote refractory w tolerogenfc 

aignals: . and why they are less- dcpmdbif'-.upon 
immunogenic costimuli* 

Bngineeted protdns and antibodies aimed at^ bloddng 
specific immunogenic costimuli upstream of- NFkB, 
notably antibodies against TNFai"--.€I>40L,?k.and-the,.. 
blodsere of B7 ligands of CD28, have shown great 
promise in mouse models and in cBnical trials as agttits 
to treat iheumatoid arthritis or eatahliah transplairtfttion 
tolerance. These strategies may be most effective in 
individuals with healthy tolerogenic signalling, such as 
patients midergoing organ transplantation, where the 
underlying defect is known to be an excess of 
immunogenic antigen and immunogenic coatnnuli. hi 
this casCi tempoiatily blocking the immunogenic sigate 
selective^r should allow tolerogenic antigen and costimuli 
to establish an active, rdnfonting state of tolerance diat 
persists when blocking tiierapy is stopped. However, if 
uihcrited defidts in tokrogcnic agnalling prevent 
teaioration of tolerance during a brief window of blocking 
tiierapy^ it will be necessary to continue the immunogenic 
blockers for long periods, even though there are many 
complications associated with long-term immuno- 
suppresdon. 

An attractive notion is the idea of so^jaUed negative 
vacciness vaccines that could deliver specific antigens m a 
way that augments tolerogenic rather than immmiogenic 
signalling. In animal models, delivering low amounts of 
antigen by the mucosal route, dther ingested or nasallyj 
can act as a potent tolerogen. This process might perhaps 
work by linking the antigen with the tolerogenic 
costimulus, TGF-P, whidi features in mucosal nnmunc 
responses."'" The first dinical trial of ord tolerance was 
unsuccessful, pointing to the need to understand better 
die mechanisms totvoived and to develop ways to achieve 
more reliable linkage between tolerogenic antigen and 
suitable tolerogenic cosdmuti, likewise, rational 
molecular sttategies are needed to improve die success 
rate of empirical regimes for desensitising allergic 
reactions to pollens and venoms and to restore tolerance 
to blood pitxiucts such as dotting fector VIII. 

The one shining example of a sucCessfiH tolerogenic 
vacdne is the prevention of erythroblastosis fctaHs m 
Rh-antigen incomparible pregnancies by giving small 
amounts of anti-RhD antibody. The antibody converts an 
iramunogen (fetd red cdls) into a tolerogen by rccimtmg 
a tolerogenic costimulua, Fc7R2b, The vnde success and 
cost-benefit of dais simple method ia an example of how it 
should become possible to shift the balance back towards 
tolerance in an antigen specific way for mOTcy 
autoimmune diseases. The key lies in understanding me 
molecular interplay between immunogenic and 
tolerogenic pathways and having a way to forge the 
desired toletogcnic connections in specific lymphocyte 
dones. 
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Anti-infliunmatoiy actions of glucocorticoids : molecular 
mechanisms 
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1. GltKOCorttcolds are mMy used for the suppre^oa 
of iBflammatioii in cbrooic inflammatory diseases such 
as asthma, dKumatoid arthritis, infiammatory bowel 
disease aiid autoimmone diseases, all of which are 
associated vritfi hicreased expressloa of inflaininatory 
genes. The molecolflr mechanisms in?olved in this antk 
inflammatory action of glncocordcoids is discussed, 
partkdarly in asthma, whkh accounts for file highest 
cUnical use of these agents, 

2. Ghoocorticoids bind to g^cocorlicoid receptors In 
the cytoplasm which then dimerize and translocate to the 
nndenS) where they bnui to ghicocorticoHl raponse 
dements (GRE) on ghicocorticoid-responsive genes, 
resulting in increased traoscriptioiu Qncocorticoids 
may increase the transcriptioit of genes codmg for and- 
Inflammatory proteins, Indudli^ Upocortin-1, inter* 
Icnkin^lO^ interleukiifr*! receptor antagonifit and neutral 
endopeptidase, but this Is miUkely to accomit for all of 
the widespread anti-inflammatory actions of glucocorti- 
coids. 

3. The most strikii^ effect of giueoeorticcrids is to 
inhibit the expression of multiple inflammatory goies 
(cytokhies, enzymes, rece^ors and adbe^n molecules). 
This cannot be due to a direct interactioQ betweoa 
glucocortiooid rec^itors and GRE, as these tdmliDg sites 
are absent from the promoter regiom of mos^ inflam- 
matory genes. It is more likely to be due to a direct 
Inhibitory InteractiQii between acttvated ghKOomticoid 
receptors and actirated traoscriptlan factors, sudi as 
nuclear factor-xB and actlTator protein-1, wUdh r^ip- 
late the inflammatory gene ex^^saon. 

4. It is increasingly recf^nized that ^ooocorticoids 
change the chromatin structure. GlucocortiGoid recep- 
tors also^int^ract with CREB-binding protiem (C8PK 
vAich acts as a €o*activator of tran^riptlani bindh^ 
several other transcrijption factors that compete for 
binding sites on tUs molecule. Increased transcription is 



associated with mailing of DNA wound arotrndblstcme 
and dns is secondary to acetylation of the histone 
reshlues by the enzymic action of CBP. GfaKOCorticoids 
may lead to deace^tion of histone^ resulting in tighter 
coiling of DNA and reduced access of transcriptioii 
factors to dielr buidittg sites^ thereby stq^vessing gene 
ex{Hession. 

5. Saiely patients with chronic hiflanmiatory diseases 
fail to respond to ^qcocortloohls, although autocrine 
function of steroids is preserved- Thfe may be due to 
excessive formation of activator protein-1 at the inflam- 
matory wiuch consumes activated glucocorticoid 
receptors so that they are not ayaOable for suppressing 
inflammatory genes* 

6u This new understanding of glnoocortlcoid mechas- 
ians may lead to the development of novd stermds vrfth 
less risk of side effects (which are due to the endocrine 
aiidmetab<^ actions of steroids)* 'Dissociated'sterads 
which are more active m transrepression (interaction 
with transdiptiott factors) than transadivatlM (GR£ 
binding) have now been developed. Some of the tran- 
scription factors that are bihibited by ^ucocorticoid^ 
such as ondear factor^ufi, are also targets for novel 
antt'inflammatory tfaenqpiest 



INTRODUCTION 

Glucocorticosteroids suppress inflanrniation in a 
wide variety of diseases, including allergic diseases, 
rheumatoid arthritis, inflammatory bowel disease and 
autoiaunuiie diseases. Indeed they ate often the most 
efiective therapy available and their use is limited only 
by systemic side effects. The most widespread use of 
gtncocorticoids is in asthma and inhaled glucocorti- 
coids have revohitiQiuzed treatment and now become 



Key words: asdima* glucocorticisid, inftammationp trwiscription factor. 

Abbrewfaf lonis AP-I, aeelvmi' pretclrvl ; CBP, CRES binding prMn j inducible c^»4XX2ef»; CREB^ cyclfc AHP r«sponslva fltamnnt binding 

protein ; FGA, famlM ^JucdCDrtkaid resistance; GCR, ^ueocertEcfild raslstanti GCS, £tue»Mrtf6dld Mnshlve; GK-CSP. f ramilocyte-fliaerpph^a eeA(Mf^ 
nlmulKingfiiCtor; GRkSlucMDrtintd receptor; GRE. gluooottrdoold response elen»ents: ICAM*1 , Incercelbbr adhesteRffloisoite-l : tU interleukln; INOS, 
indudbte nfcric oxide synthase; Nf>AT, nudear fecnr of activated T-otfb; Mh«fi, nudcar factooicB; NO^ nitric dotjd«: PLAj, phospho(lp«e A^; STAT, 
slgnai transducer and activiterctf transcrtpclon; TNF-a, tumaur nscrasls fador^. 
CorrM|M>ndeneet Professor P: J. B*m&^ 
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- the- mainstay of- Cherapy-for- patients -with- chronic 
disease [1]. Thete have been important advances in our 
understanding of howglucocortiooidssuppr^ inflam* 
mation md this may point the way to the devetopment 
of improved glucocortiooids and more specific thera- 
pies in the future p,3]. In this review Ihaye focused on 

. asthma as an example of an inflammatory disease that 
is suppressed by glucocorticoids. Asthma is the com- 
monest inflammatory disease wo rid-wide and accounts 
for by far the greatest amount of prescribed gluco- 
corticoids. 



GLUCOCORTICOID RECEPTORS 

Glucocorticoids exert their effects by binding to a 
glucocorticoid receptor (GR) localized in the cyto- 
plasm of target cells. There is a single class of GR that 
binds glucocorticoids, with no evidence for subtypes of 
differing affinity in different tissues. Recently a splice 
variant of GR, termed GR-A has been identified that 
does not bind glucocorticoids but binds to DNA and 
may therefore potentially interfere with the action of 
glucocorticoids [4]. The structure of GR has beea 
elucidated using site-directed mutagenesis, which has 
revealed distinct domains [S\, The glucocorticoid 
binding domain is at the C-terminal end of the 
molecule and in the middle of the molecule are two 
finger-like projections that interact with DNA. Each 
of these 'zinc fingers' is formed by a zinc molecule 
bound to four cysteine residues (Figure 1), An N- 
terminal domain (rj is involved in transcriptional 
rrizns-activation of genes once binding to DNA has 
occurred and this region may also be involved in 
binding to other transcription factors. IMs is the least 
conserved part of the molecule between individuals 
and between spedes. Deletion analysis has demon- 
strated a 41-amino-acid core at the C-terminal end of 
the Ti domain that is critical for jtraw-activation. In 
human GR there is another rron^activating domain 
(t^ adj^eat to the glucocorticoid binding domain and 
this region is also important for the nuclear trans- 
location of the receptor. GR is phosphorylated (pre- 
dominantly on smne residues at the N terminal), but 
the role of phosphorylation in glucocorticoid actions is 
not yet certain. 

The inactivated GR is bound to a protein complex 
(approx. 300 icDa) which mcludes two molecules of 
90 kDa heat shock protein (hsp90), a 59 kDaimmuno- 
philin protem and various other inhibitory proteins^ 
The hsp9flL molecules act as a 'molecular chaperone*, 
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The sJucocortleold enters dia cell and b'nds to a cytoplasmic 
jiucocorcioold reoopvor (GR) chat Is campiexed with two moie- 
cul«s of 1 90 kDa heat shock ppocejn (hsp^Q. GR tr&nsiaates to 
th« nucleus where, ai z dlmer, ft binds ta a gfuracarticoM 
iccngnitian sequence (SHE) on tho S'-ufistrrain pramocer se- 
quence of gjuoocortiQ^d-responslve genes. GREs may rno-ease 
transcription and n^^ve (n}GREs rmy decrease tramoifitian, 
resuhios In Increased or decreased mRNA and protein synthesb. 

preventing the unoccupied GR localizing to the nu- 
clear compartment Once the glucocorticoid binds to 
GR, hsp90 dissociates^ thus exposing two nuclear 
localization signals and allowing the activated GR- 
glucocorticoid complex to rapidly move into the 
nucleus and bind to DNA (Figure 2), 



EFFECTS ON G£NE TRANSCRIPTION 

Glucocorticoids produce their effect oq lesponsive 
cells by activating GR to directly or indiiectly regulate 
the transcription of certain target genes [6,7]. The 
number of genes per cell directly legulated by gluco- 
corticoids is estimated to be between 10 and 100, but 
many genes are indirectly regulated through an in- 
teraction with other transcription factors, as discussed 
below. Upon activation GR forms a homodimer which 
binds to DNA at consensus sites termed glucocorticoid 
response elements (GRE) in the 5'-upstream promoter 
re^on of glucocorticoid-respon&ive genes. The way in 
which activated GR se^s out the small number of 
GREa in approximately 100000 genes is not com- 
pletely understood, but recent evidence suggests that 
the GR dimer binds non-specifically to DNA then 
attaches to another strand of DNA bdfote dissociating 
from the first site of attachment. This is repeated until 
a high-aflSnity GRE site is encountered, the GR thus 
moving through the genome like Tarzan swingmg 
through the jungle [8], The hindmg of the GR dimer to 
GRE changes rate of transcription, resulting in 
either induction or repression of the gene. Tlie con- 
sensus sequence for GRE binding is the palindromic 
15-bp sequence GGTACAnnnTGTTCT (where n is 
any nucleotide], although for repression of transcrip- 
tion the putative negative GRE has a more variable 
sequence* Negative GREs have only rarely been 
identified in some genes, such as the pro-opiomelano- 
cortm gene [9]. The repression of the osteocalcin gene 
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.by-ghico.cQrticoid& appears to be4ue.to.bmdiiig.of_the. 
GR dimer to a GRE which overlaps the TATA box 
aiod therefore interferes with the ixutiation of tran- 
scnptioa [LO].. Most gcues that are repressed by 
glufiocortiooids have no GRE, however, suggesting 
(hat some other mechanism must be invoked. 

Ciystanographic studies mdicate that the zinc £uQg^ 
hiadiag to DNA occurs within the major groove of 
DNA with one jSnger from each component of the 
dimer interacting with one half of the palindrome [1 1]. 
In contrast to these simple GR£s» there are * com- 
posite ' GREs that do not share these GRE sequences, 
but depend on the presence of other tmnscdption 
factors binding to DNA [12]. GR may ako bind to less 
well-defined regions of DNA and regalate promoters 
that contain no obvious GRE sequences. liiteraction 
with other transcription factors may aho be important 
in determining differential glucocorticoid responsive- 
ness m different cell types. Other transcription factors 
binding in the vicinity of GRE may have a powerful 
influence on glucocorticoid inducibility and the rela- 
tive abundance of different transcription factors may 
contribute to the glucocorticoid responsiveness of a 
particular cell type, 

GR may also inhibit protein synthesis by reducing 
the stability of mRNA via enhanced transcription of 
spediic ribonudeases that break down mRNA con- 
taining constitutive AU-rich sequences in the un- 
translated 3'-region, thm shortening the turnover time 
of mRNA, This is a mechanism whereby glucocorti- 
coids inhibit the synthesis of the cytokine granulocyte* 
macrophage colony-stimulating factor (GM-CSF), 
which plays a key role in the survival of inflammatory 
cells at the site of inflammation [1 3]. Such a mechanism 
may also be important for the repressive effect of 
glucocorticoids on mdudble cyclo-ojiygenase (COX- 
2) [14], This may be an important mechanism whereby 
glucocorticoids inhibit some inflammatory genes, 

INTERACTION WITH TRANSCRIPTION 
FACTORS 

GR may interact directly with other transcription 
factors, which bind to each other via so-called leucine 
zipper interactiona [15,16]. This could be an important 
determinant of gluoocorticcid responsiveness and is a 
key mechanism whereby glucocorticoids exert their 
anti-inflanunatory actions [17], This interaction was 
first demonstrated for the coUagenase gene which is 
induced by ±e transcription factor activator pro(ein-l 
(AP-l)s a heterodimer of Fos and Jun oncoproteins, 
AP-1 bmds to specific DNA binding sites (TRE or 
TPAresponse dement, TGACTCA): Glucocorticoids 
are potent inhibitOEs of collagenase gene transcription 
induced by tumour necrosis factor-oc (TOF-a) and 
phorbol esters, which both activate AP-1. AP-1 forms 
a protein^otdn complex with activated GR, and this 
prevents GR interacting with DNA and thereby 
reduces ghicocorticoid responsiveness. In human lung 
TNF-« and phorbol esters increase AP-1 bbdii^. to 
DNA and this is inhibited by glucocorticoids [18,19]. 




Ftgut^ 3 Dinct Interaction between the transcription 
factors AF-I and N FVieB and tlie GR may result In mutual 
repression 



In this way glucocorticoids may counteract the chronic Inflajn- 
maoorK «ffieecs of cytokines which acti«rase thew traiucHption 
fKton. 

AP- 1 may be important in regulating the expression of 
inflammatory genes in concert with other transcription 
factors, such as nudear factor-KB (NF-kB), 

NF-?cB plays a critical part in regulating the ex- 
pression of many inflammatory and immune genes 
and may play an amplifying role in the infiammalory 
process [20], GR may interact with NF-/cB in a similar 
manner by a direct protein-protein interaction, thus 
inhibiting the expression of a wide range of inflam- 
matory genes [18,19,21-23] (Figure 3). 

j8a-Adtenergic agonists, via cydic AMP formation 
and activation of protein kinase A, result in the 
activation of the transcription factor CREB which 
binds to a cydic AMP responsive element (CRE) on 
genes, A direct interaction between CREB and GR has 
been demonstrated [24], jff-Agonists increase CRE 
binding in human lung and epithelial ceils in vitrc and 
at the same time reduce GRE binding, suggesting that 
there may be a protein-protein mteraction between 
CREB and GR within the nudeus [25], However, in 
some cell lines cyclic AMP increases the transcriptional 
effects of glucocorticoids [26]. 

The interaction of GR with another family of 
transcription factors, signal transducers and activators 
of transcription (STATs), which are hnportant for the 
signalling of many cytokines, has also been demon- 
strated. A positive interaction between GR and 
STAT5 and STAT6 has been showni,suggestmg that 
glucocorticoids may enhance the- effects' of certain 
cytokines [27]. . - 

These interactions between activated GR and tran- 
scripdonfactors occur within the nudeus, but proteta- 

proteta interactions may also occur in the cytoplasm 

m 

EFFECTS ON CHROMATIN STRUCTURE 

There Itas receotly been increasmg evidence that 
^ucocortkoids may liave effects on the chromatin 
stroctuie. DNA in chromosomes is woimd around 
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F||upe4 £fl(ectof|lucoa>rtK»tdsondiromatxnstructu^ 

Transcription fapcon such as ^ATs, AP-I and NF-<jcB bmd to oo- 
Bctivator mokcukgt, such as CREB bsndii^ proleui (CBP) or pdOO, 
wfaicb hsrVQ izdhit»6 imUyDi9 ACQtyUnmsfcrase (HAT) Q«tiviCy, 
lendtiz^ in wstylatioa (Ac) of tustraie residues. Tins leads to 
cmmoditig cf DNA. and allows increased binding of trAoscxiqptlcm 
&ctan nsvUiia^ in increased ga» ttnescapdon. OhwoeortiDoid 
receptois (OR) after acsivatioa by gtiKOC ortfcoi ds may bbd to a 
$tuoooo(rtiooid lecqntorcMcdYBtDr wliicbis b<nmd to CSP 
and rerotts nt inacased trai«cnfiticio. JWivoted GR, pfobalify 
through buiding to a oo-icpressor znckcuK may also deacetylate 
histaiKy witb. iDCimed ccdiiiig of DNA around histooe* duis 
pievBiitiiy tnuiBcnpti<m &ctor bindiiig (eading to sed^ represaioa. 

histone molecules in the form of nudeosomes. Several 
transcriptioii factors interact with large co-activator 
molecules* such as CREB ttnding protein (CBP) and 
the related p300, which bind to the basal transcription 
factor apparatus [29], Several transcription factors 
have now been shown to hind directly to CBP, 
inchading AP-1, NF-«rB and STATs [30-33]. Since 
bittdmg sites on this molecule may be limited, this may 
result in competition between transcription factors for 
the Umited binding sites available, so that there is an 
indirect rather than a direct protein-protein inter- 
action (Figure 4). CBP also interacts with nuclear 
hormone receptors such as GR. These nuclear hor- 
mone receptors may interact with CBP and the basal 
transcriptional apparatus through binding to other 
nuclear co-activator proteins, including glucocordcoid 
receptor co-activator-1 <SRC-1) [34,35], transcription 
factor intermediary factor*2 (TIF-2) or ghujooorticoid 
receptor interacting protein- 1 (GRIP-1) [36]. A newly 
descrihed nuclear protein called p300/CBP co-inte- 
grator-associated protein (p/CIP) appears to be par- 
ticularly important in the bindrag of several nuclear 
ircceptors to aSP/p300 [37]. These nudear activator 
proteins associate with nuclear receptors via a com- 
; mon sequence, LXXLL (where L is lysine and X is any 
J . amino add) [38]. 

DNA is^wound around histone proteins to form 
' iiuck osomes and the chromatin fibre in chromosomes. 
At a microscopic level that chromatin may become 
dense- or opaque due to the winding or unwinding of 
DNA around the histone core. CBP and p300 have 
histoBe acetylation activity yMch is activated by the 
bindijig of transcription factors such as AP- 1 and NF- 
kB [39]. Acetylation of histone residues results in 
unwinding of DNA coiled around the histone core, 
thus opening up the chromatin structure, which allows 
transcription factors, to bind more leadily, thereby 
increasdug transaction (Figure 4). Repression of 



- genes reverses this~prooess by. histone deacetylation 

[40]. The process of deacetylation involves the binding 
of hormone or vitamin tccqptors to co-iepressor 
molecules such as nudear receptor co-repressor (N- 
CoR), which forms a complex with another repressor 
molecule, Sin3, and a histone deaoetylase [41,42]. 
Deacetylation of histone increases the winding of 
DNA round histone residues, resulting in dense 
chromadba structure and reduced access of transcrip- 
tion factors to their binding sites, thereby leading to 
repressed transcription of inflammatory genes. Acti- 
vated GR may bmd to several trauscaiption co- 
mpressor molecules that assodate with prxiteins with 
histone deaoetylase activity, with consequent repres- 
sion of inflammatory genes by the mechanism de- 
scribed (40J (Figure 4), 

TARGET GENES IN INFLAMMATION 
CONTROL 

Glucocorticoids may control inflammation by in- 
hibiting many aspects of the inflammatory process 
throu^ increasing the transcription of anti-inflam- 
matory genes and decreasing the transcription of 
inflammatory genes [2,17] (Table 1). 

AffitiHrtflarmmatory preteins 

Glucocorticoids may suppress inflanmiation by 
increasing the synthesis of several anti-infLammatory 
protdns. Glucocorticoids increase the synthesis of 
lipocortin-1, a 37 fcDa protein that has an inhibitory 
effect on phospholipase A^ (PLAg), and therefore may 
inhibit the production of Epid mediators. Glucocorti- 
coids induce the formation of Upocortin-1 in several 
cells and recombinant Upocortin-1 has acute anti- 
inflammatory properties [43]. However, glucocorti- 
coids do not induce lipocortin-*! e:q)ression in many 
cdl types and, indeed, the inhibitory effect of lipocortin 
on PIj^ is largely an artefact and due to depletion of 
membrane phospholipids [44]. 

Glucocorticoids also increase the synthesis of se^ 

TaMe I Effact of ^ ucoeortfflofdi on gene trariBcrlption 



Increaaod tnnBcriptlofi 
Lipocartin-I 
^Adrenoceptpr 

Secretory leucocyte inhibitDry protain 
Cbra cell protsfn (COO) 
\iM fMSptor aragonlft 
IUin2<d«coy recBpior) 

Decreased cranscriptiDn 
Cytokine 

(Ibl, lUZ lL-3, IM. IL-S. IL-I U IL-\X TNI^ GM-CSF. Mem 
eeli feceor) 

(IL^ RAhfTiS. MIP-I«, MCW, MCP-3. riCP-4. eototin) 
INOS 
COX-2 

Crtoplaunic PIA, 
Endofdwllfi-I 

NK|-recepCDrs, NK]r<eoep£ors 
AdhesfcMi maleculos pCAM-l, E-wlectln) 
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-Japetory ieucQCgtc:ffrjateas!e-mhibitor.m human airway 
qritbjdial ctJb by iocxeasing gene tfamcription [45], 
Secretory leucocyte protease inhibitor is the predomi- 
nant antiptotease in airways and may be important in 
reducdng aixwayinflammadon by cotmteractinginflam- 
matory enzymes such as tryptase, Qara cell protein 
(GCIO), a 10 kDa protein secreted by epithelial cells 
which has anti-inflammatory and immunomodulatory 
properties, is also inmased by glucocorticoids [46]. 

Interleukin (IL)-1 receptor antagonist is a cytokine 
that blocks the binding of IL-1 to its receptors. Its 
synthesis is increased by glucocorticoids, thus counter- 
acting the elFect of the pro-inflammatory cytokine BL- 
L Therefore, treatment of asthmatic patients with 
inhaled glucocorticoids results in an increased ex- 
pression of IL-1 receptor antagonist in airway ept- 
theh'al cells w vitro and in viw [47,48]. IL-1 interacts 
with two types of surface receptor, designated IL-lRl 
and IL-1R2. The inflammatory effects of IL-1^ are 
mediated exclusively via IL-lRl, whereas IL-1R2 has 
no signalling activity, but binds VL- 1 and therefore acts 
as a 'molecular decoy' that interferes with the actions 
of IL-1, Glucocorticoids are potent inducers of this 
decoy IL-i receptor and result in release of a soluble 
form of the receptor, thus reducing the functional 
activity of IL-1 [49], 

XL- 10 is an anti- inflammatory cytokine secreted 
predominantiy by macrophages which itihibits the 
transcription of many pro-infliammatory cytokines, 
chemokines and inflammatory enzymes, and this 
appeara to be mediated, at least in part, via an 
inhibitory effect on NF-kB [SO], IL-IO secretion by 
alveolar macrophages may be impaired in patients 
with asthma, resulting in ina:eased macrophage cyto- 
kine secretion [51]. Glucocorticoid treatment in 
patients with asthma increases IL-10 secretion by these 
cells, although this appears to be an indirect effect, 
since treatment of alveolar macrophages m vitro with 
glucocorticoids tends to decrease IL-IO secretion [51]. 

NF-/cB is regulated by the inhibitory protein D^B to 
which it is bound in the cytoplasm [20], There is some 
evidence that glucocorticoids increase the synthesis 
and tratiscription of the predominant form of IkB, 
bcB-a, in mononuclear cells and T-lymphocytes, thus 
terminating the activation of >fF-K'B [52,53], but this 
has not been seen in other cell types [54-56]. The IkB- 
a gene does not appear to have any GRE consensus 
sequence, so any effect of glucocorticoids is probably 
mediated via other transcription factors. 

In epithelial cells glucocorticoids also increase the 
expression of the enzyme neutral endopeptidase, which 
degrades inflammatory peptides such as substance 
bradykminandendothelin-1 [57]. Patients with asthma 
treated with inhaled glucocorticoids have a higjier 
level of neutral endopeptidase expression than un- 
treated patients [58]. 

/jt^-Adrenooeptors 

Glucocorticoids increase the expression of jj^- 
adrenooeptors by increasing the rate of tranacription 



and4]i&'humaiL j8^rjeoeptot-fiCtte has three potential 
GREs;i591i Glucocorticoids double the rate of ^ft- 
receptor gene transcription m human lung in vitrOy 
resultine in increased expresaon of jS^-reoeptors [60]* 
Using autoradiographic mapping and in situ hybrid- 
ization in animals to localize the increase m^g-receptor 
expression, there appears to be an increase in all cell 
types, including airway epithelial cells ^ airway 
smooth muscle, after chronic glucocorticoid treatment 
[61]. This may be relevant in asthma as it may prevent 
down-regulation in response to prok>ngcd treatment 
with A-agonista. In rats glucocorticoids prevent the 
down-regulation iand reduced transcriptiod of ft- 
receptors in response to chronic ^"agonist exposure 
[61], although inhaled glucocorticoids have not been 
shown to prevent tolerance to the bronchoprotective 
effects of an inhaled ft-agonist [62]. 

Cytokines 

Although it is not yet possible to be certain of the 
most critical aspects of glucocorticoid action in chronic 
inflammatory diseases such as asthma, it is likely that 
theu: inhibitory effects on cytokine synthesis are of 
particular importance. Glucocorticoids inhibit the 
transcription of several cytokines that are relevant in 
inflammatory diseases, including IL-lj9, IjL-2, IL-3, 
IL-6, IL-U, TNF-«, OM-CSF and chemokines that 
attract inflammatory cells to the site of inflammation, 
including IL-8. RANTES, MCP-1, MCP-3, MCP^, 
MlP-la and eotaxin. In allergic inflanmiation the 
expression of cytokines IL-4 (critical for IgE synthesis) 
and 11^5 (criticxil for eosinophilic inflammation) is also 
inhibited by glucocorticoids. These inhibitory effects 
were at one time thought to be mediated direcdy via 
interaction of GR with a negative GRE in the 
upstream promoter sequence of the cytokine gene, 
resulting in ^ne repression. However, there is no 
negative GRE consensus sequence in the upstream 
promoter region of any of these cytokme genes, 
suggesting that glucocorticoids inhibit transcription 
indirectly. For example, (he 5'-promoter sequence of 
the human IL-2 gene luis no GRE consensus sequen- 
ces, yet glucocorticoids are potent inhibitors of IL-2 
gene transcription m T-lymphocytes. Transcription of 
the IL*2 gene is predominantly regulated by a cell- 
spedfic transcription factor, nuclear factor of activated 
T-ccllfi (NF-AT)^ which is activated in the cytoplasm 
on T-oell receptor stimulation via calcineurin. A 
nuclear factor is also necessary for increased activation 
and this factor has been identified as AP-1, which 
binds directly to NF-AT to form a transcriptional 
complex [63], Ghicocorticoids therefore inhibit IL-2 
gene transcription indirectly by binding to AP- 1, thus 
preventing increased transcription due to NF-AT [64], 
Inhibition of IL-5 gene transcription may involve a 
sunilar mechanism [65]. Another example of acytokine 
gene negatively r^idatedby glucocorticoids that does 
not have a GRE in its promoter region is RANTES, 
which is regulated predominantly by NF-irB and AP- 
1 [66j. Glucocorticoids therefore appear to inhibit 
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cytotinc gene ©cpression by inhibitmg-transcriptio 
futors that regulate-thcir expression, rather thait^>y- 
bindiag to tbeir promoter r^ons. 

There may be-markeddiflferences in the j 
dif^ent obUs and of different cytokiQes to ther in- 
hibitory action of glucocorticoid^ and this may l7e„ , 
dependent on (he rdative abundance of transcription 
factors. Thu8 in alveolar macrophages and peripheral - 
blood monocytes GM-CSF secretion is more potently 
inhibited by glucocorticoids than IL-1/? or IL-6 se- 
cretion [671, This might be explained by the need far 
different combinations of transcription factor acti- 
vation for optimal gene transcriptioo, so that gluco- 
corticoid sensitivity may be determmed by par- 
ticular combination of transcription factors needed 
and their propensity for activation id difkrent cell 
types. 

Inflammatory enzyrrm 

Nitric oxide (NO) synthase is inducible by pro- 
inflammatory cytokines, resulting in increased NO 
production. NO may increase blood flow and plasma 
exudation and may amplify the inflammatory re- 
sponse. In the airways NO may contribute to the 
plasma emdation seen in asthma and other inflam- 
matory diseases, and may amplify eosinophilic inflam- 
mation in asthma by tipping the munune balance in 
favour of Th2 lymphocytes lhat secrete IL-4 and IL-5, 
by acting as a chemotactic agent for eosinophils and by 
increasing eosinophil survival [68,69], The induction 
of the inducible form of NO synthase (iNOS) is 
potently inhibited by glucocorticoids [70]. In cultured 
human pulmonary epthelial cells pro-inflammatory 
cytokines result in increased expression of iNOS and 
increased NO formation due to increased transcription 
of the iNOS gene and this is inhibited by gluco- 
corticoids [71]- There is no negative ORE in the 
promoter ^uence of the iNOS gene, but NF-^pB 
appears to be the most important transcription factor 
in regulating iNOS gw& transcription [72], Since TNF- 
<Zy ILrlfi and oxidants activate NF-kB in airway 
epithelial cells, this accounts for their activation of 
iNOS expression. Glucocorticoids may therefore pre- 
vent mduction of iNOS by inhibiting NF-«:B, thereby 
inhibiting transcription. The increased expression of 
iNOS in the airways of patients with asthma results m 
an increase in the level of NO in the exhaled air [73] 
and this is inhibited by mhaled glucocorticoids [74]. 

Glucocorticoids inhibit the synthesis of several 
inflammatory mediators implicated in injOammation 
through, an inhibitory effect on enzyme induction. 
Ghicocorticoids inhibit the induction of the gene 
coding for COX-2 in monocyt^ and epithelial cells 
and this also appears to be via NF-^B activation 
[75-77] and by a post-transcriptional efliect on mRNA 
stabili^ [14]. Glucocorticoids also inhibit the gene 
transcription of a form of phospholipase (cPLA^) 
induced by cytokines [77]. However, glucocorticoids 
do not appear to modulate expression of the 5'- 
lipoxygienase and studies of cysteinyl-ieukotriene 



^ ife^thma;«-i?/windicate.that 

-4bsc^oftibfai^ar"a^ that are 

eS^etive^jclitucafly:^ not significandy reduce the 
r E^, the major stable metab- 
ohteioHeulcotricneD^ [78], 
-rOluoocwrticoids also inhibit the synthesis of endo- 
thelm-l;ini lung [79] and airway epithelial cells and fliis 
effect^ma5'^^o=:be -via -inhibition of transcription 
factors that regulate its expression [80]. 

Inflammatory rBceptors 

Glucocorticoids also decrease the transcription of 
jgienes coding for certain receptors that ate involved in 
the inflammatory process. Thus the NKj-reccptor, 
which mediates the inflammatory effects of tachykinins 
in the airways, has increased gene expression in asthma 
[81], This may be inhibited by glucocorticoids through 
an interaction with AP-1, as the NKi receptor gene 
promoter region has no GRE^ but has an AP-1 
response element [82]. Shnilarly NKg-receptor cxpres- 
sion is also reduced by gHucocorticoids [S3], 

Cell survtvaJ 

Glucocorticoids markedly reduce the survival of 
certain inflammatory cells such as eosinophils and T- 
lympfaocytes. Eosinophil survival is dependent on the 
presence of cytokines such as IL-5 and GM-CSF. 
Exposure to glucocorticoids blocks the effects of these 
cytokines and leads to pro^ammed cell death or 
apoptosis [84]. Ghicocorticoids also promote apop- 
tosis of T-lymphocytes. The molecular mechanism of 
action of gli^ocorticoids in increasing apoptosis in 
eosinophils and T-lymphocytes is uncertain and there 
are many potential sites of action, including effects on 
endogenous inhibitors of the apoptotic pathway. In 
contrast, glucocorticoids decrease apoptosis and there- 
fore increase the survival of neutrophils [85,86], The 
molecular mechanisms that account for the opposing 
effects of glucocorticoids on these two types of 
granulocyte are not yet certain, 

Adheiion molecuJes 

Adhesion molecules play a key role in the trafficking 
of inflammatory cells to sites of inflammation. The 
expression of many adhesion molecules on endothelial 
cells is induced by cytokines and glucocorticoids may 
lead indirectly to a reduced expression via their 
inhibitory effects on cytokines such as IL-lj7and TNF- 
a. Glucocorticoids may also have a direct mfaibitory 
effect on the expression of adhesion molecules such as 
intercellular adhesion molecule-1 (ICAM-l) and E- 
sclectin at the level of gpne transcaription [87], ICAM- 
1 expression in bronchial epithelial cell lines and 
monocytes is inhibited fay glucocorticoids [88]. 

EFFECTS ON CELL FUNCTION 

Glucocorticoids may have direct inhibitory actions 
on many inflammatory and structural cells involved m 
inflammation. 
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~ ' GliicocOTticoidsinl^ tbe rekaseof liiflatimiatory 
mkiiators and^cytokines from alveolar macrophages 
fft vitro [67,89], although tbdr effect after inhalation in 
vivo is modest [90]. Ghcocorticoidi may be more 
effective in inhibiting cytokine idease from alveolar 
macrophages than in inhibition of lipid mediators and 
rd«;dve oxygen species in vitro [91,92], Inhaled gluco- 
cortiooids reduce the secretion of chemokincs and pro- 
inflammatory cytokines from alveolar macrophages in 
patients with asthma, whereas the secretion of IL-IO is 
increased [51]. Oral prednisone inhibits the increased 
gene e3q}re5sion of ILrl^ in alveolar macrophages 
obtained by bronchoalveolar lavage from patients 
with asthma [93]. 

Eosinophils 

Glucocorticoids have a direct inhibitory effect on 
mediator release from eosinophils, although they are 
only wealdy effective in inhibiting secretion of reactive 
oxygen species and eosinophil basic proteins [94,95]. 
Glijcocorticoids inhibit the permissive action of GM- 
CSF and IL^5 on eosinophil survival [96,97], The 
increased apoptosis contributes to the reduction in 
airway eosinophils seen with gliujocorticoid thwapy. 
One of the best described actions of glucocorticoids in 
asthma is a reduction in circulating eosinophils, which 
may reflect an action on eosinophil production in the 
bone marrow. In patients with asthma there is an 
increase in the proportion of low-density eosinophils 
in the circulation, which may reflect an effect of 
cytokines [9S]. Inhaled glucocorticoids inhibit the 
increase in cLrculating eosinophil count at night in 
patients with nocturnal asthma and also reduce plasma 
concentrations of eosinophil cationic protein [99]. 
After inhaled glucocorticoids there is a marked in- 
duction in the number of low-density eosinophib, 
presumably reflecting inhibition of cytokine pro- 
duction in the airways [lOOJ. 

T-lympHocyees 

T-lymphocytes play a key role in orchestrating 
chronic inflammation and ^ucocorticoids are very 
ejSective rn inhibiting activation, proliferation and 
survival of these cells, and in bloddng the release of 
lymphokines such as IL-2, IL-4, IL-5, IL-13 and 
GM-CSF, which are likely to play an important role in 
the recruitment and survival of inflammatory cells. 



frNF^'arIt-4rII>5, II>6, II>8)rbutr-wbetiKr-th 
inhibited by^uoocorticoids is not yet certain. 

Dendritic cells 

Dendritic oells in the epithelium of the respiratory 
tract appear to play a critical role in antigen pres- 
entation in the lung as they have the capacity to take 
up allergen, process it into peptides and present it via 
MHC molecules on the cell surface to uncommitted T- 
lymphocytes [103]. In experimental animals the num- 
ber of dendritic cells is markedly reduced by systemic 
and inhaled glucocorticoids, thus dampening the 
immune response in tiie airways [104]. Topical gluco- 
corticoids markedly reduce the number of dendritic 
cells m the nasal mucosa [lOS], and it is likely that a 
similar effect would be seen in airways, 

NeuCroi^lfs 

Neutrophils, which are not prominent in the 
biopsies of patients with asthma, are not very seniiitive 
to the effects of glucocorticoids. Indeed systemic 
glucocorticoids increase peripheral neutrophil counts, 
which may reflect the increased survival time due to 
an inhibitory action of neutrophil apoptosis [85,86]. 

Endothelial cells 

GR gene expression in the airways is most promi- 
nent in endothelial oells of the bronchial circulation 
and airway epithelial cells [106]. Glucocorticoids do 
not appear to direcdy inhibit the expression of ad- 
hesion molecules, although they may mhihit cell 
adhesion indirectiy by suppression of cytokines in- 
volved in the regulation of adhesion molecule ex-* 
pression. Glucocorticoids may have an inhibitory 
action on airway microvasculax leak induced by 
inflammatory mediators [107,108], This appears to be 
a direct effect on postcapillary venular epitiielial cells. 
The mechanism for this antipcrmeability effect has not 
been fully elucidated, but there is evidence that 
synthesis of a 100 kDaproCem distinct from lipocortin- 
1 termed vasocortin may be involved [109], Although 
there have been no direct measurements of the effects 
of glucocorticoids on airway microvascular leakage m 
asthmatic airways, regular treatment with inhaled 
glucocorticoids decreases the elevated plasma proteins 
found in bronchoalveolar lavage fluid of patients with 
stable astiuna [110]. 



Masiceils 

While glucoGortiooids do not appear to have a direct 
inhibitory effect on mediator release from mast cells 
[101], chronic inhaled glucocorticoid treatment is 
associated with a marked teduction tn mucosal mast 
cell number in airways [102]. This may be linked to a 
reduction in IL-3 and stem cell factor production, 
which is necessary for mast cell expression at mucosal 
smfaces. Mast ceils also secrete various cytokmes 



Epithelial cells 

Epithelial cells may be an important source of 
inflammatory mediators in asthmatic airways and may 
drive and amplify the mflammatory response in the 
airways [U 1,1 12]. Airway epithelium may be one of 
the most imporlant targets for inhaled glucocorticoids 
m asthma [3^113]. Glucocorticoids hihibit tiie m- 
creased transoqjtion of the IL-8 gene induced by 
TNFhz in cultured human airway epithelial oells in 
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fitra ll 14,1T5] and the transcnptioa-of.th^i^l^ 
gene in epitfaduil cells [116;tl7]r'Iiihared|^^ 
coids inhibit the increased e 3ia)iegion ofgM "<!SF aod 
RANTES in the ejritlieiiiiSn 6F pade&is:mSf astfima 
1111,118,119]. . " 

Glucocorticoids decease the lianscnption 
mflammatory proteans in airway epitbelial^ccflS). In- 
cluding iNOS, COX-2, cPLAa^Sid' eniabffi^ 
[71,75,80]. Airway epithelial ceUs may be the key 
celhilar tai%et of inhaled ghicocorticoids ; by^inbibiting 
the transcription of several inflammatory genes in- 
haled ghicocorticoids may reduce inflammation in the 
airway wall, 

Mucuft secretion 

Glucocorticoids inhibit nracus secretion in airways 
and this may be by a direct action on sabmucosal 
gland cells [120]. Recent studies suggest that ghico- 
corticoids may also inhibit the expression of mudn 
genes such as MUC2 and MXJC5A [1211, ^ addition 
there arc indirect inhibitory effects due to the reduction 
m inflammatory mediators that stimulate increased 
mucus secretion. 



Neurogenic Inflamniation 

Neurogenic inflamination, due to release of neuro- 
peptides such as tachykinins from sensory nerves, may 
amplify inflammatory responses, Glncocorticoids may 
inhibit several aspects of neurogenic inflammation, 
including the synthesis of tachykinins by repression of 
the preprotachykmin-A gene [1221 reduced expression 
of tachykinin receptors [81,83] and by increasing 
expression of neutral endopeptidase which degrades 
tadiyfcinins [57]. 

GLUCOCORTICOID RESISTANCE 

Although glucocorticoids arc highly cffectiye in the 
control of chronic inflammatory or immune diseases, a 
small proportion of patients ta5i1 fail to respond even 
to hig|i doses of oral glucocorticoids. This has been 
most extensiyely studied in asthma, as it is easier to 
assess the clinic al response to glucocorticoids in this 
condition [123-125], although resistance to the thera- 
peutic eifects of glucocorticoids is also recognized in 
other inflammatory diseases, including rheumatoid 
arthritis and inflammatory bowd disease [126)- Ohico- 
corticoid-resistantpatients, although uncommon, pre- 
sent considerable management problems. Rficognition 
of patients with glucocorticoid resistance is hnportant, 
as elucidation of the molecular mechanisms may 
contribute to our understanding of glucocorticoid 
action and inflammatory disease mechanisms. 

Clinical features of glucoeortlcold-reslstant asthma 

Glucocorticoid resistance in asthma was first de- 
scribed by Schwartz et al, [127] in 1968 in six patients 



■^wtfiTastfimTwhX)^^ to high 

doses of systemic glucocorticoids and m whom there 
was also a redui^ eosinopenic response. Larger 
groups of patients with chronic asthma who were 
glucocorticoid resistant were suhscquenfly identified 
[128]. These patients failed to improve their mean peak 
expdratoiy flow by > 13 % after taking prednisolone. 
20 mg daily for at least 7 days. These patients are not 
Addisonian and do not suffer from the abnormalities 
in sex hormones described in familial glucocorticoid 
resistance (see below). Plasma Cortisol and adrenal 
suppression in response to exogenous Cortisol is 
nonnal [129], Complete glucocorticoid resistance in 
asthma is very rare, but reduced responsiveness is 
more common, so that oral glucocorticoids are needed 
to control asthma adequately (steroid-dependent 
asthma). 

Glucooorticoid-resistant (GCR) asthma is defined 
by a failure to improve lung function by > 15 % after 
treatment with 30 to 40 mg of prednisolone for 2 
weeks. These patients show the typical diurnal varia- 
bility in peak expiratory flow and bronchodilate with 
inhaled /Jg-agonists. Fibre-optic biopsies in patients 
with GCR asthma show the typical eosinophilic 
inflammation observed in patients with gluco- 
corticoid-sensitive (GCS) asthma [130}, 

Mechanisms of gJuoocorticoid resisbnce 

There may be several mechanisms for resistance to 
the efi'ects of glucocorticoids. Although a family 
history of asthma is more common in patients with 
GCR than GCS asthma, littie is known about its 
inheritance. It is possible that a certain proportion of 
the population has gjucocorticoid resistance which 
only becomes manifest when they develop a severe 
immunological or unmune disease that requires gluco- 
corticoid therapy* Rfisistaiice to the inflammatory and 
immune effects of glucocorticoids should be ^Kstin- 
guished from the rare familial glucocorticoid resist- 
ance, where there is an abnormaJity of glucocorticoid 
binding to GR. 

Familial glucocorticoid resistance. Familial gluco- 
corticoid resistance (FGR) is an extremely rare 
syndrome characteri2»d by high circulating levels of 
Cortisol without signs or symptoms of Cushing's 
syndrome [131], Clinical manifestations, which may be 
absent, are due to an excess of non-glucocortiooid 
adrenal steroids, stimulated by high adienooortico- 
tropac hormone levels, resulting in hypertension with 
hypokalaemia and/or signs of androgen excess (usu- 
ally hirsutism and menstrual abnormalities in females). 
Inheritance may be recessive, but only about 12 cases 
have so far been reported Several abnormalities in 
GR function have been described in peripheral blood 
leucocytes or fibroblasts from these patients. These 
include a decreased aflinity of GR for Cortisol, a 
reduced number of GRs, GR thennolability and an 
abnormality in the binc&ng of the GR complex to 
DNA. The molecular basis of the disease in patients 
with a reduction in GR appears to be a point mutation 
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iit the du^jj^iticbid binding domam o f - GR [1 32]. 
Glxtoocortjcoid jesistacce may occur oertaizi maiig- 
T jigni^fls and this may be diie to ahnonnal expression of 
. GfclXhiiSj.jti multiple myeloma, resistance to the 
inhibitory, effect of glucocorticoids is assodated with 
die e3cpresdon of a tnmcated form of OR mRNA with 
reduced stability, resulting in a shortened form of GR 
with markedly..rednced glucocorticoid binding [133]. 

Resist^e to mli-inflantmatofy actions cf gluco- 
corticoids. Resistanoe to the anti-inflammatory and 
immunomodulatory eSects of gtucocorticotds differs 
from the FGR described above, as it is not assodated 
wsth high circulating concentrations of Cortisol or 
adrenocorticotropic hormone, and is not accompanied 
by hyperteasion, hypokalaemia or androgen excess 
[124]. Furthermore, these patients are not Addisonian 
and show normal adrenal suppression [129]. This 
suggests that any abnormality is unlikely to be due to 
those described for FGR in the glucocorticoid binding 
domain of GR. Indeed^ chemical mutational analysis 
of GR has failed to demonstrate any major abnor- 
mality in predicted structure in GCR compared with 
GCS asthma [134], Glucocorticoid resistance may be 
primary (inherited or acquired of unknown cause) or 
secondary to some factor that may reduce gluco- 
corticoid responsiveness (glucocorticoids themselves, 
cytokines, jJ-adrenergic agonists). There are several 
possible mechanisms for a reduced aati-infLammatory 
response to glucocorticoids. 

Pharmacokimiic abnormalities. The inidaJ sugges- 
tion of Schwartz ct al, [127] was that defective re- 
sponses to glucocorticoids were due to increased 
clearance of the glucocorticoid, resulting in reduced 
clinical and eosinopenic response. There is no evidence 
for altered bioavailability or plasma clearance of 
prednisolone or methylprcdnisoione in patients with 
GCR asthma[135,136]. Metabolism of glucocorticoids 
may be increased by induction of cytochrome F-A50 
enzymes in response to certain drugs, which may thus 
lead to a secondary glucocorticoid resistance [137]. 

Antibo<£e$ to Upocortin-\, Some anti-infiammatory 
effects of glucocorticoids may be due to mduction of 
lipooortin-1 [43]. In some patients with GCR rheu- 
matoid arthritis, autoantibodies to Hpocortin-l have 
been described [138], However, two independent 
studies have failed to demonstrate the presence of IgG 
or IgM lipocortin-1 antibodies in either GCR or 
steroid-dependent asthma [139,140]. 

Cellular abnormalities. Glucocxirdcoid resistance 
has been documented m vitro, with reduced suppres- 
sion of activation antigens and cytokines in monocytes 
and T-lymphocyt^ from patients with GCR asthma 
[1 36; 141-145]. There is no diflfcrenoe m the proportion 
of CD4+ and CX>t^ T-lympiocytc$ in GCR patients, 
althou^ there is increased expression of CD25 (11^2 
receptor) in GCR compared with GCS patients, 
indicatii^ a greater degree of immune activation [145], 
These studies in circulating leucocytes suggest that the 
defect in glucocorticoid responsiveness extends outside 
the respiratory tract and is therefore unlikely to be 
explained entirety by inflammatory changes in the 



airway^, In patients with GCR asthma a reduced 
blanching response to: topical ghiicocorticSda spiled 
to the skin fiirtlier indicates that there is a generalised 
abnormality that is unlikely to be secondary to local 
cytokine production [146]. In patients with GCS 
asthma there was suppression of the cutaneous 
tuberculin response after tieatm«it for 2 weeks with 
oral prednisolone associated with reduced numbers of 
macrophages, eosinophils and activated T-lympho- 
cytes, but this was not observed in GCR patients [147], 

Abnormality m GR function. In FGR there is a 
structural abnormality in GR that results in reduced 
glucocorticoid bindmg affinity. In GCR asthma either 
no difference in GR affinity and receptor density or a 
relatively small reduction in GR affinity has been 
reported [135,145,148,149]. Two types of gluco- 
corticoid resistance have been described: a reduced 
affinity of GR binding confined to T-lymphocytes 
which reverts to normal after 4S h in culture, and a 
much less common reduction in GR density (in only 
2/17 GCR patients), which does not normalize with 
prolonged incubation [149]. This suggests that there 
may be diflferent types of GCR asthma. The smaU 
reduction in GR affinity is unlikely to be of functional 
significance and is not associated with elevated plasma 
Cortisol, unlike patients with FGR. The small re- 
duction in GR affinity may be secondary to cytokine 
exposure, since the normalization of GR affinity in 
vitro is prevented by a combination of IL-2 and IL'4 
[149] and this combination of cytokines reduces the 
binding affinity in nuclear GR in T-lymphocytea, 
although either cytokine alone has no effect [150]. The 
IL-4-Uke cytokine IL-13 has a similar effect and is 
effective alone [151]. This suggests that glucocorticoid 
resistance may occur in the airways of patients with 
asthma as a secondary phenomenon due to the local 
production of cytokines- In patients with GCR asthma 
there is a significant increase in the numbers of 
bronchoalveolar lavages cells expressing IL-2 and IL-4 
mRNA compared with patients with GCS asthma, but 
no difiference in interferon-y mRNA-positive cells. 
After oral prednisone for 1 week there is a reduction in 
IL-4^expressing ceils and a rise in interferon-y-posiri ve 
cells m GCS asthma, whereas in GCR asthma there is 
no fall in IL-4-po5itivc cells and a fall in interferon-y- 
positive cells [130]. This may indicate that there are 
diffibrcnt patterns of cytoldne release which may 
contribute to glucocorticoid resistance. Although this 
may account for the increased requirement for gluco- 
corticoids hi more severe asthma, it is unlikely to 
explain the reduced glucocorticoid response seen in 
circulating mononuclear cells and m the skin of 
patients. with no response to oral glucocorticoids. 

The recognition that there is a splice variant of GR, 
GR-/^, that does not hind glucocorticoids, but binds to 
GRE [4], has suggested that this might be a mechanism 
of glucocorticoid resistance if GR-^ is produced in 
excess. There is some evidence for an increase in GR- 
fi\s mduced by inflammatory cytokines and there is an 
increase in GR-^producing cells in GCR. patients 
[152]. However, it appears to be unlikely that GR-^ 
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abnonnality in the interaction between GR and AF-1 
[155], TIii& defect does not appear to apply to the other 
transciiption factors. NF-/:B and CREB, that also 
interact with GR [155]. The abnormality in the 
interaction between GR and AP- 1 is unlikely to be due 
to a defect in GR, since the protein sequence of GR in 
patients mth GCR asthma appears to be normal [134]. 
It is more likely to be due to a defect in AP-1 or its 
activation. Indeed, activation of c-Fos by phorbol 
esters is pqtentiated in the cells of patients with GCR 
compared with GCS asthma [156], and preliminary 
evidence suggests that one of the key enzymes involved 
in activation of AP-1, namely Jixn N-terminal kinase 
(TNK) id abnormally activated in these pattentfi [157]. 
The increased basal and cytokine^indubed AP-1 ac- 
tivity may lead to consumption of GR, so that 
giuoocorticoids are not able to suppress the inflam* 
matory response, either through interacting with GRE 
or with other transcription factors such as NF-kB 
(RgnreS). 

An abnonnality in AF-1 may also account for the 



Seconciary glucocorticoid resistance 

Although complete glucocorticoid resistance is un- 
common, there may be a spectrum of glucocorticoid 
responsiveness in inflammatory diseases* This may 
reflect several mechanisms that are secondary either to 
disease activity itself or to the effects of therapy. 

Dcm-regulation of GR, Down-regulation of GR 
in circulating lymphocytes after oral prednisolone 
has been demonstrated in nonnal individuals [15^]. 
Whether high local concentrations of inhaled ^uco- 
corticoids reduce GR expression in surface cells of the 
airway, such as epithelial cells» is not yet certain, 
although patients with asthma treated with uifaaled 
glucocorticoids do not appear to have a reduced 
expression of GR m the airways [106]. It is possible 
that certain individuals may be more susceptible to the 
effects of down-regulation. If effective GR density is 
reduced fay direct interaction with other transcription 
factors, such as AF-1 and NF-kB, then the down- 
regulating effect of glucocorticoids on GR would be 
expected to have a greater functional consequence. 
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Ryirre 5 Proposed m^hanisrn of primary giucoeordcold rMhttfWft In asthma 

Increased actlvnion of AP-( results In the eomplexing of 6Rs, thus preventing th« ancl-infiammaura ry action of 
glucKortiDoidj, eithw throMgft binding to GREs or through inhibition of NIVicR 



has any functional efifect on GRE binding of GR-a 

[153]. 

There is a marked reduction in GR-GRE binding in 
tlie pftripheral blood mononndear cells of patients 
with GCR Bsthma and Scatchard analysis has demon- 
strated a marked reduction in GR available for DNA 
binding compared with cells from patients with GCS 
asthma [154], 

Interaction between GR and transcription factors. In 
the peripheral blood mononudear cells of patients 
with GCS astfanaa and normal control subjects the 
phorbol ester PMA, which activates AP-1, results in 
reduced GRE binding* This inhibitory ciFect is sign- 
ifi-cantly reduced in the peripheral blood mononuclear 
cdl& of patients with GCR asthma, indicating an 
abnormality in the interaction between GR and AP-i 
[ 1 55], This defect does not appear to apply to the other 
transcription factors, NF-k:B and CREB, that also 
interact with GR [155]. The abnormality in the 
interactioa between GR and AP- 1 is unlikdy to be due 
to a defect in GR^ since the protein sequence of GR in 
patients with GCR asthma appears to be normal [134], 
It is more likely to be due to a defect in AP-1 or its 
activation. Indeed, activation of c-Fos by phorbol 
esters is pqtentiated in the cells of patients with GCR 
compared with GCS asthma [156], and preliminary 
evidence suggests that one of the key enzymes involved 
in activation of AP-1, namely Jiin N-terminal kinase 
(INK) is abnormally activated in thicse patients [157], 
The increased basal and cytokine-indubed AP-1 ac- 
tivity may lead to consumption of GR, so that 
glucocorticoids are not able to suppress the infiam-* 
matory response, either through interacting with GRE 
or with otiier trwscription factors such as NF-k:B 
(Figure 5). 

An abnoimality in AP-1 may also account for the 



selective resistance to the effects of giucocorticoid in 
GCR asthma, since AP-l is more likely to be important 
in the regulation of some genes than in others. It would 
also explain why resistance is seen to the aoti- 
inflaiomatory effects but not to the endocrine or 
metabolic effects of glucocorticoids, since such re- 
sistance can only arise when AP-1 is activated at the 
inffanunatory site, wh^^eas the hormonal effects of 
glucocorticoids at nninflamed sites will not be im- 
paired. Furthermore, there may also be differences in 
the glucocorticoid resistance of different tar^t cells, 
depending upon the relative balance of transcription 
factors. 

Secondary glucocorticoid resistance 

Although complete glucocorticoid resistance is un- 
common, there may be a spectrum of glucocorticoid 
responsiveness in inSammatory diseases. This may 
reflect several mechanisms that are secondary either to 
disease activity itself or to the effects of therapy. 

Doym-regfdation of GR, Down-regulation of GR 
in drculating lymphocytes after oral prednisolone 
has been demonstrated in norxnal mdividuals [158]. 
Whether high local concentrations of inhaled ^uco- 
corticoids reduce GR expression in surface cells of the 
airway, such as epithelial ceils, is not yet certain, 
altiiougih patieiits with asthma treated with mfaaled 
glucocorticoids do not appear to have a reduced 
expression of GR in the airways [106}. It is possible 
tiiat certain individuals may be more susceptible to the 
effects of down-regulation. If effective GR density is 
reduced by dkect interaction with other transcription 
factors, such as AP-1 and NF-kB, then the down- 
legulating effect of ghicocorticoids on GR would be 
expected to have a greater functional consequence. 
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kincs, including IL-l/f, IL-6 and TNF-«, activate: AP- 
1 and NP-kB- in human hmg [18»rS9].. As all fhese 
cytokinBS are secreted in asdimatic inflaTninationrthis" 
suggests, that thes& ttanscription factors will be acti- 
vated in the ceQs of asthmatic airways. These activated 
transcription factors may then foim proteinr-protein 
complexes with activated GR, both in the cytoplasm 
and within the nucleus, thm reducing the number of 
effective GRs and thereby decreasing glucocorticoid 
responsiveness [17]. In a model in vitro system in- 
erased expression of c-Fos or c-Jun oncoproteins 
prevents the activation of mouse mammaiy tmnour 
virus promoter by GR, thns creating a modd of 
glucocorticoid resistance [160], Addition of recom- 
hmant c-Jun or c-Fo» proteins to partially purified GR 
results in inhibition of DNA binding [1601 Phorbol 
esters, which activate AP I, result in attenuation of 
glucocorticoid-mediated gene activation [161]. Any 
reduction in glucocorticoid responsiveness would be 
greater as the intensity of asthmatic inflammation 
increased and may contribute, for example, to the 
failure of oral or intravenous glucocorticoids to 
control acute exacerbations of asthma. Once the 
inflammation is brought under control with large 
doses of oral glucocorticoids, glucocorticoid respon- 
siveness increases again so that lower dc^es of inhaled 
or oral glucocorticoids are needed to control the 
iofiammation. 

Increased resistance may also be due to the effects of 
cytokines on GR function, since high concentrations 
of IL-2 and lL-4 have been shown to reduce GR 
aflSnity in T-lytnphocytes in vitro [150]. This effect 
would only be seen in mucosal T-lymphocytes of 
patients with severe asthma and it is therefore difiScuit 
to obtam evidence to support this possibility. 

Effect of Pj^-ngonists. High concentrations of 
agonists activate C3t.£B in rat and hxunan lung and in 
inflammatory ccUs via an increase in cyclic AMP 
concentration [19,25]. This results in reduced GRE 
binding due to the formation of GR-CREB complexes 
[25]. This predicts that high concentrations of ^j- 
agonists would induce glucocorticoid resistance. In 
patients with asthma, while 3 weeks of treatment with 
an inhaled glucocorticoid blocked the airway response 
to inhaled allergen, concomitant treatment with in- 
haled glucocorticoid and a relatively large dose of 
inhaled ^agonist appeared to provide no significant 
protection against allergen challenge [162]. This sug- 
gests that high doses of an inhaled j?3-agofiist might 
interfere with the anti-asthma effect of inhaled ghico- 
corticoids. It is possible that some patients who use 
very high doses of inhaled );,-agonists (over two 
canisters per month of metered-dose inhalers or 
regular nebulized doses) may develop a degree of 
glucocorticoid resistance that is overcome by increas- 
ing the dose of inhaled or oral ghicocordcoid. This 
may account for some of tiie deleterious effects of 
faigjh-dose /7-agonists on asthma mortality and mor- 
bidity [163]. The use of high doses of nebulized fi^- 
agonists m the treatment of acute exacerbations of 



^:3^dma^jsaa^t-cesult-in.fe3istance^t0:t^^ effects of high- 
doseFiiitraveiious glucocorticoids. Glucocorticoid re- 
sponsiveness might be restored by reducing the dose of 
mhaled ^^-agonists. 



THERAPEUTIC IMPLICATIONS 

Greater understanding of the molecular mechanism 
whereby glucocorticoids suppress inflammation has 
opened up the potential for improvement in gluco- 
corticoids and the development of novel anti-inflam- 
matory drugs. 



N€!W gJucooortlcolds 

The recognition that most of the anti-inflammatory 
effects of glucocorticoids are mediated by repression of 
transcription factors (transiepression), whereas the 
endocrine and metabolic effects of steroids arc likely to 
be mediated via GRE binding (transactivation) has led 
to a search for novel corticosteroids that selectively 
transrcptess, thus reducing the potential risk of sys- 
temic side effects* Since corticosteroids bind to the 
same GR, this seems at first to be an unlikely 
possibility, but while GRE binding involved a GR 
homodimer, interaction with transcription factors AP- 
1 and NF-kB involves only a single GR. A separation 
of transactivation and transrepression has been dem- 
onstrated using reporter gene constructs in transfected 
ceils using selective mutations of GR [164]. Further- 
more, some steroids, such as the antagonist RU486, 
have, a greater transrepression than transactivation 
effect. Indeed, the topical steroids used in asthma 
therapy today, such as fluticasone propionate and 
budesonide, appear to have more potent transrepres- 
sion than transactivation effects, which may account 
for their selection as potent anti-inflammatory agents 
[165]. Recently, a novel class of steroids has been 
described in which there is potent transrepression with 
relatively little transactivation. These * dissociated' 
steroids, including RU24858 and RU40066, have anti- 
inflammatory eSbcts m vivo [166\. This suggests that 
the development of steroids with a greater margin of 
safety is possible and may predict the devdopmcnt of 
oral steroids that are safe to use in inflammatory 
diseases. 



NP^B InhlUtors 

Since NF-^B appears to mediate many of the anti- 
inflammatory effiEx:ts of glucocorticoids, this has led to 
a search for specific inhibitors of this transcription 
factor or its activating pathways [20,167], Anti- 
oxidants have the ability to block activation of NF-ktB 
in response to a wide variety of stimuli, and drugs such 
as pyrrolidine dithiocarbamate have proved useful 
for in vitro studies, but are too toxic for in mo 
development [168]. Spin-trap antioxidants may be 
more effective smce diey work at an intracellular levd 
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[1655- However, antiondaots-do-no 
effecbpf NF-kB andthis may iieqaiietHe-develbpm^^ 

of drugs, • ; r /fitfii . -: 

Sojfte Datuially occurring NF-jcB^inMbiiijr^^^ 
already been identified. Thus gKotoxin, derived from 
^spergmus^ is a poteat NF-^kB inHbitor which appears 
to be relatively specific [170]. The anti-inflammatory 
cytol^me IL-10 also has an inhibitory eflFect on NF-jtB, 
via an effect on LcB-oc [50], and has been shown to be 
effectiive in management of chronic infiammatory 
diseases such as Crohn's disease* which is resistant to 
glucocorticoid therapy [171], 

Novel approaches to inhihitioii of NF-kB would be 
to develop spediic inhibitors of LcB kinases involved 
in the initial activatiott of NF-kB, to block the signal 
transduction pathways leadmg to activation of IkB 
l£lna$es. Now that IkB kinases have been identified, it 
Q^y be possible to sdieea and design specific inhibitors. 
It may also be possible to inhibit the activity of the 
enzyjnes resrponsible for its degradation of the IatB 
complex, although the proteasome has many other 
important functions and its inhibition is likely to 
produce severe side eflfects. Recently it has been 
possible to block NF-kB function by targeting of a 
specific enzyme (ubiquitin ligase) involved in con- 
jugation of ubiquitin [172]. It may be more difiicult to 
develop drugs to directly inhibit the components of 
NF-;cfl itself, but antisense oligonucleotides have been 
shown to be effective inhibitors in vitro and stable cell 
pemnfable phosphorotiiioate oligonucleotittes are a 
therapeutic possibility in the future. Adenovirus- 
mediated gene' transfer of LcB-a has been reported to 
inhibh endothelial cell activation [173]. 

It may be imwise, however, to block NF-kB for 
prolonged periods, as it plays such a critical role in 
™mune and host defence responses. Targeted dis- 
niption ("knock-out') of p65 is lefthal because of 
developmental abnonnafities [174], whereas Jack of 
p50 results in immune deficiencies and increased 
susceptibility to infection [175]. However, topical 
application of NF-wB inhibitoTS by inhalation may 
prove to be safe, 

Orug Interactions 

_ There are complex interactions between transcrip- 
tion factors, either directly or via co-activator mole- 
cules such as CBP. This might be exploited thera- 
peutically by a combination of drugs which act on 
different transcript factors or pathways that may work 
together co-operatively. For example, NF-AT has a 
cytoplasmic component (NF-ATp) which is blocked 
by cyclosporin and tacrolimus {FK50$), and a nuclear 
component (AP-1) which is blocked by glucocorti- 
coida. Combining steroids and cyclosporin may 
tijerefore have a synergistic inhibitory effect on the 
expression of genes such as IL-4 and 11^5. This 
has indeed been demonstrated for IL-2 in human 
T-lymphocytes, where a combination of both drugs 
bas a much greater siq^pressive effect than either drug 
alone {! 76]. This suggests that a dose of cyclosporin A 



3 wiab-fflve nqph r o tbxicrsid& effects may be 
combihed' with an inhaled: steroid, so that this syner* 
gistie mteraction is confbed to the airways. 
--"Another interaction- that may be exploited thera- 
peutically is that between retinoic acid and steroids. 
Retmoic add (vitamin A) binds to retinoic add 
receptors which, like GR, bmd to CBP. There appears 
.tO:be.-az^ergistic iateraction between steroids and 
retinoieadd in repression of transcription factors such 
as MP-kB and AP-1, presutnably because of com- 
petition for binding sites on CBP. A synergistic 
interaction between retinoic add and steroids has been 
demonstrated in suppression of GM-CSF release trom 
cultured epithelial cells, suggesting that retinoic add 
may potentiate the anti-inflammatory efibcts of 
steroids [177]. Novel retinoic add derivatives activate 
a subtype of retinoic add receptor (RXR) which 
interacts with these transcription factors, and thus it 
may be possible to develop more selective retinoids for 
this purpose [178]- 
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The NOD Mouse as a Model of SLE 
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In addition to developing a high incidence of typ« 1 diabetes caused by a specifijc autoim- 
mune ittspoiise against pancreatic ^ cells in the islets of Langethans, NOD niice also demoo- 
strate spoocaneous autoifmnumty to ocher taxgets iiMiiiiding the thymus, admnal gland, 
saliyaiy glands, thyroid, testis, nuclear compoaenta and red blood ceUs. Moreover, treatment 
of pr&-diabetic NOD mice with an intxav^oous do«e of beat killed Mycobacterntm b&vis (M. 
bovis\ bacillns Calroette-Oukin (BCG)) protects them firom developing type 1 diabetiesj but 
instead precipitates an autoimmune rhenmadc disease similar to systemic lupus erytfaemato- 
suis (SLE), chamctensed by acceleraced and increased mcidence of haemolytic anaemia (HA), 
azLti-nucLear autoantibody (ANA) productioQ, exacerbation of sialadenitis, and die ^^pearance 
of immttne complex-mediated glomeculoiiephiitis (GN)< Tbe reciprocal switcfarag between 
the two phenotypes by a single eoviromnjeatal tdgger (mycobactedal exposmc) raised die 
possibility ^ac genetic suscepdhility for type 1 diabetes and SLE may be coofored by a sin- 
gle coUecticn of genes in the KOD mouse. This review will focus on the genedc compoiusats 
predisposing NOD mice to SLE induced by BCG treatmeint and coiiq>are them to previously 
determiiKd diabetes susceptibility g^es io this stram and SLE snsceptibility geoes in the 
BXSB, MRL and the New Zealand mouse strains. 



Keywords: NOD mice, 



INTRODUCTION 

The coGJustencB of systemic lupus erythematosos 
(SLE) and type 1 ddabetos in hunian individaals is 
rare, with^ its frequeascy not deiviating sigmficaady 
above that expected if the inheritanoe of die two difr- 
eases were contpleteliy indepeodeat. However, there 
is evidence to suggest that the two diseases may share 



a common genetic aetiology. For instance;, sixteeds 
peicem of patients with type 1 diabetes have been 
found to develop and-nuclear autoantibodies (ANA) 
compazcd to only one percent of nonnal coatiols'^^l 
azid major histocon^atihility complex (MHC) faa[plo- 
types which confer susceptibifily to SLE. such as 
B8,SC01J»R3,DQ2J)w24 and B18Jia04)R3, 
DQ2, Dw25, have also been shown to predispose to 



* Cunent Addzeaa: Hie Jackson Laboffittxy, 6D0 Main St, Bar Harbor MB 04069, USA. 

t Cocespooding anthor. TcL: (61) 2 9565 6174. Fax: (61) 2 9565 6103. E-mail: A^axteT®Cenleiiary.iisyd.edii.au 
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type 1 diabetes^, Forthennore, six of fte human type 
1 diabetes susceptibility lod {IDDM2, IDDM3, 
1DDM7. IDDM8, IDDMll, IDDMI2) have been 
cULpped to similar genomic positions as those recently 
repOfrted in linkage studies of SLE^^. Concannon et 
a/.t"*^ have also reported a novel ^ 1 diabetes sus- 
ceptibiiity locus on chioraosome lq42 which maps to 
a similar position as a prominent SLE susceptibility 
locus in this icgion^^l The clustering of susccptibiA- 
ity loci between these two diseases has also been 
observed in mouse models, with six colocalisations 
(including the MHC) occaning between the genes 
conferring susceptibiaty to type I diabetes in 
non-obese diabetic (NOD) mice and tfiose predispos- 
ing to SLE in the BXSB. MRL and the New Zealand 
strains of mice on chromosomes U 4, 6, 7 and 17 
(Figure 1). Moreover, flie lupus prone NZB, (NZB x 
NZW)P1 and MRL mice develop spontaneous 
autoimmune reactions against pancreatic islets^^ and 
NOD mice develop Inpus-lilce disease in sencs- 
cence^^^*^^l which can be increased in severity and 
accelerated by treatment with heat killed M bovis^^'^\ 
hi addition to the evidence presented for type 1 dia- 
betes and SUE, genetic studies in both humans and 
mice have begun to imveil a substantial genetic colo- 
calisation/overlap between the susceptibility ^ties of 
various distinct autoimmune diseases'^* ' . 
Recently, Becker et alS^^ performed a comprehen- 
sive contolled meta-analysis comparing the results of 
linkage analyses in twenty three autoimmune diseases 
and immune-mediated diseases in humans and animal 
models. The study revealed tiiat apart from the MHC, 
65% of positive linkages mapped non-randomly into 
eighteen distinct clusters throughout the human 
genome. These clusters identified by Becker and col- 
leagues may represent areas of the genome m which 
genes controlling immnne function have aggregased 
by gene duplication and/or selective advantage, in a 
simikr mamiCT to ftose of the MHC On the odaer 
hand, it niay also be possible that particular alleles of 
a gene or genes within fliese loci confer susceptibihty 
to several autoumnune diseases and thus contribute to 
auftoimmnidty perse. 

Perhaps die strongest evidence for die existeoace of 
common autoimmune disease susceptihiBty genes 
was provided when NOD mice congenic for the dia- 



betes resistant Idd3 allele (0,15cM interval) of the 
CS7BL/10 mouse, were shown to have a decreased 
severity and duration of experimental autoimmune 
encephalomyelitis CBAB) compared to wild type 
NOD mice^^^. Smcc an EAE susceptibility gene 
(Eae3) is located in a similar area of the mouse 
genome as Idd3^^'^'^^\ it is possible that tiie same 
gene may be conferring susceptibility to both dis- 
eases. Indeed, both NOD and SJL (a commonly used 
EAE'prone strain) share the same allele of the roost 
attractive candidate gene in this interval, 112, In addi- 
tion, an autoimmune ovarian dysgenesis (AOD) sns- 
cqytihiltty locus (Aodl) in mice also colocaHses with 
[dd3, and flie disease susceptible strain, A/J, shares 
the same 112 allele as NOD^^^l Conversely, all of the 
disease resistant mouse strains used in tli« above map- 
ping studies share a different allele of n2^ - 

The interaction of these common autoimmunity 
genes with other genes, environment and/or stochastic 
factors may deteiminc die eventual specificity/specif- 
icities of the autoimmune response, resulting in the 
development of one or moie autoimmune diseases. 



SLE INDUCED BY BCG TREATMENT 
IN NOD MICE 

The NOD mouse strain is a widely used model of type 
1 cMabetES, However, in additi<Hi to a specific autoim- 
mune response against pancreatic p cells in the islets 
of Langerhans, NOD mice also demonstrate sponta- 
neous autoimmunity to other targets including the 
thymus^^, saUvaiy glands, thyroid, adrenal, tes- 
mP^\ nuclear components^ and red blood ceUs^^ J. 
Of tiiese, only the targeting of red blood cefls results 
in disease, causing haemolytic anaemia (HA) hi these 
imce^^^l NOD mice only develop HA spontaneously 
in tiwar old age (>250 days), with approximately &0% 
of mice Burvivmg more than 40) days (i.e. non-dia- 
betics) developing this disease^^". Overall, these 
results imply a generalised defect in the process of 
immnnological tolerance in die NOD mouse. This 
defect in the NOD can ultimately result in the expres- 
sion of various autmmimme phenoiypes depending on 
the interaction of the genetics with environmemal or 
stochastic factois- 
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FlGim£ 1 Caanpariag tbe positions of BCG induced SLE ausoe|rtMly iQci to ausccptibiliiy lod feom spoQ^mB^^na^eU and type 1 
diabeCEs. Type 1 diabetes loci are designated Idd and sue reproentBd by ban containing diagonal Hng^^r'TTr^ J. AD SLE lod 

art repfesooied by black baia. Lod ftom NZB/I^CZW crgsges are deeasaated Nba, Sle, and uW"'^^'^'^^^^'^^**^. HA loci from NZB crosses 
are deamialed Acm^^, Loci from BXSB CfOSSfiS a» dcsigftaiEd Bxfi^"^*l Loci from MRL-lpr aosscs aie designated Lpr, Lmb. and 
Ultm^^^'lLoddmvedinthestudyof BCG-mdu^^ 



In mice, two of tbe genes which control the 
strength of the immune lesponse to intracellular path- 
ogens have heen mapped to chromosotDC 1 (solute 
carrier family 11 member 1 (Skllal) gene, fonneriy 
Bcg/UMty) and 17 (TO), xespectiveiyP^'^1. Inlerest- 
ingly, these lod map to similar posidoos as the diabe- 
tes suscsptibilicy genes ldd5 and lddl/16 hi tfae NOD 
moase^^*^^, Injection of heat killed Mycobacterium 
ba\fis (M- b{TvU\ bacillus CalmctCe-Guerin (BCG)> 
into NOD mice protects them fixm diabetes, estab- 
lishing a link between the disease and mycobacte- 
ria'^^. In order to examine the role of non-NOD 
allelea at the fTZ on the responses of NOD mice to 
BCO, Baxter^ (Si injected NOD and NOD, 

f^tfansgenic mice with the vaccine. As jweviously 
detcrauned, the BCG treatment of die NOD controls 
protected them from the development of diabetes. 
However to their surprise, they discovered that two to 
thiee months after Ibe BCG treatment, the control 
mice developed an autoimmune rheuniatic disease 
similar to SLE^^^l The manifestadons precipitated by 



tbe BCe treatment in NOD mice included: (1) the 
devdopment of HA in half of the mice miuch eaiiiex 
dian wonld have occurred spontaneously (150 days 
vs. >250 days); (2) increase in the severity of sialad- 
enitis; (3) hypcrgammaglobulinaenua; (4) gready ele- 
vated and accelerated producdon of anri-nudear 
autoantibodies (ANA) in the majority of mice* bind- 
ing primarily to nuclear proteins such as Sm antigen, 
but also to double stranded (ds) DNA; and (5) exten- 
sive immune complex dqKJsits in glomeruli and C3c 
activation, consistent with glomemilonepbritis ((ON); 
tl2,28^]j diverse nature of antigens targeted in 
this disease suggests that the mycobactedal antigens 
in die BCG vaccine were unlikely to be doss-reactive 
with the autoandgens mediating pa&ology* On the 
conUaiy, we have proposed an altexnadve adju- 
vant-like mechanism^^^ 

The SLB induced by BCG in the NOD mouse has 
some unique features and some chazacteristics in 
cammon with other mouse models of SLE mchuting 
the mHJlpr. (NZB x NZW)F1 and BXSB 
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s^^pftJ**^*^, For exflinple^ elevated seium inraw- 
^'^^^fibaSa fev^ (hyperganuD^lobulinaemia) and 
aatf-ADWA am r nmmw i to all of the mmm modds 
of ISfuThe ptesfiikce of anti-efythrocsyte autoantibod- 
^ inentolytic anaemia are shared with the NZB 
aat(S2BxNZW)Fl straiiis, hut absent itt the MRL 
^ BX5B sttams. Despite being an importarit diag- 
iw»lie critedoQ of humau SLE, high titres of autoanti- 
hodScftcfirectedagahksttheSni andgea are only found 
in MRL/lpr and NOD mice. Salivary gland periductal 
wn^vnidear infiltrates (sialadenitis), which occur 
^ m increased severity in BCG treated NOD jnice, 
also been lepoitcd in MRUIpr and, to a lesser 
in (NZB x NZW)F1 mice. Unlike that in 
'^AV mice, the pattern of renal disease in NOD 
™* treated with BCG is similar to mild focal lupus 
^^^'hritis (WHO classification IV) in humans, and is 
chanicacriscd by widespread C3c deposition and seg- 
prolifcxation of a minority of glomeruli, BCX3 
^J^srtnient of normally non-autoimmune mouse strains 
such as BALB/c, C57BL/6, CBA and DBA, did not 
the development of the SLE manifestations 
s»i in the NOD mousef^^^. TlKxcforB, the genetic 
background of the NOD mouse is likely to play a crit- 
icaJ fole in this systemic autoimmune disease. As a 
^i^J of SLE, NOD mice offer two mam advantages 
^ Mudying the genetics of autoimmune dise^e. 
FiTKtly, as the BCCr-induced SLE model is one of the 
few models of autoimmune disease where the envi- 
ronmental trigger has been identified, it provides an 
excdlent opportunity for studying the genetic/envi- 
^"^'Jnjcntal interactions lequited to initiate autoinunu- 
niQi'. Tlius it was of specific interest to dfitemiine if 
ttie genes which mediate protection/susceptibility to 
uuntcellular pathogens (such as Slcllal and H2 
gwwH). also play a lole in controHmg susceptibility to 
autoimmune disease induced by infectious agents 
such as mycohacteriumL Secondly, die development 
of SLE and type 1 diabetes within the same mouse 
strain^ wifh reciprocal switching betweca the two phe- 
notypes induced by an environmeatal trigger, raises 
^ possibilily that both antDimmune diseases could 
be controlled by a single set of genes. Th^ is, NOD 
mice inherit a single disease (autoimmimicy), which 
<2an be escpressed as at least two phenotypes (SLE or 



diabetes), depending on environmcnial (e.g. myco- 
bactfiriai) or stochastic factors. The generic lod con- 
fening susceptibility to type 1 diabetes in the NOD 
mouse have been extensively characterised by various 
gl^^p5[l6a9,24-2fi,3l-46,93]^ gy mapping die positions 

of the genes conferring susceptibility to SLE on the 
NOD genetic bacli;ground, a dixect comparison of the 
genetic determinants in both autouranune diseases 
can be performed In addition* susceptibility loci 
found in this stody may also be compared with those 
of other autoimmune cfcscases in mice and humans in 
light of this common autoimmune gene hypothesis. 

THE GENETICS OF SLE IN THE NOD MOUSE 

A linkage analysis study was performed by Jordan et 
al}^'^ in order to map the genes conferring suscepti- 
bility to SLE induced by BCG in NOD niicc» with a 
Special interest in those genes which may colocalise 
widi type 1 diabetes lod detected in the same strain. 
As a cross between NOD and C57BL/6 mice was ini- 
tially precluded due to the high incidence of ON 
induced by BCG in C57BIj'6 and Fl mice, a back- 
cross between NOD and BALB/c mice was used for 
the genetic study instead. Four SLE-related traits 
were analysed independently in fee backcross mice, 
including HA, production of ANA, production of 
autoantibodies (Lc- Coombs' antibodies and/or ANA) 
and immune complex-mediated GN (summary of the 
results is illustrated on Figure 1). The strongest link- 
age to HA, ANA and autoantibody production in the 
study (genes designated Bahl, Banal and BabsL 
respectively) was exhibited by tiie NOD H2 region 
(H2^^), This finding was consisteait with the critical 
role of the ffi m the development of SLE m odier 
strains of mice including die (NZB x NZW)F1 and 
the BXSB. Furthermore, the NOD H2«^ haplotype is 
also the major detemrinant of diabetes susceptihiHty 
in the NOD mouse (designated Iddl/M; 
Thus, in an analogous fashion to the 
B8,Sa)lJ3R3J5Q2,Dw24 and B18J?1CS0,DR3, 
DQ2, Dw25 haplotypes in humans, die H2^^ haplo- 
type in NOD nice contributes to fl» susceptibility to 
bofli diabetes and SLR This findmg provides farther 
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support for llie commoQ gene hypothesis, at least in 
regards to die MHC 

The most attractive candidate genes at tlie 
Baml/Bahl/Babsl region are the class EL MHC 
genes, E and A. These genes have demonstrated a 
Strang association with SLE (especially with the pro- 
duction of autoantibodies) within the MHC region in 
lyjjj^[48.49] roijg of ihfi molecule in 

SLE was best demonstmled in an experinicnt involv- 
ing NZB. H^^^ and NZB. H2^ congenic mice^^l 
Despite only differing at three amino acids at thepqh 
tide binding groove of the I-A molecule, these mice 
eadabit large differences in their susceptibility to SLE, 
BXSB mice, on the odier hand, which do not express 
I-E molecule (share the allele with NOD mice), 
were protected from the development of SLE by the 
introduction of a transgene encoding the I-Ect mole- 
cule onto their genetic background^^^l This protec- 
don may be mediated by the same mechanism which 
protects NOD mice expressmg the I-Ea transgene 
&om diabetes (NOD. To determine if the 

absence of the LE molecule also confers susceptibil- 
ity to SLE in NOD mice, the next step will mvolve the 
production and testing of t-E expressing congenic or 
transgenic NOD mice for the development of lupus 
traits after BCG treatment. In addition to being asso- 
ciaiBd with the devdopnient of several autoimmune 
diseases, the H2 region regulates the vigour of 
hnmunc responses towards intracellular palho- 
gens^l It is thus also possible that genes wLtfain the 
MHC region may regulate the expression of autoim- 
mune disease in the NOD mouse through an interac- 
tion with fiovtf, 

Supiisingly, no further colocalisation between tte 
genes confening susceptibility to SLE in the 
NOD/BALB backcross and the previotusly detex- 
mined diabetes susceptibility genes were found, 
except perhaps^ a few putative linkages to GN 
which mapped close to two diabetes susceptibility 
loci (discussed below), Hiis result would anply that 
the non-MHC susceptilriHty genes affectmg type 1 
diabetes and SLE in NOD mice are distinct, and thus, 
are likdy to affect distinct biological pathways lead- 
ing 10 autoimmnimty. In this case, the enviromnenial 
agents M, bovis, would regulate the expresaiDn of 



these two sets of genes in a way th at would favour the 
development systemic autoimmunity over organ spe- 
cific autoimmunity. Nevertheless, it is unlikely that 
all of the non-MHC genes predisposing to SLE in 
NOD mice were detected in our cross. It has become 
ai^atent from several studies that contributions from 
certain disease suscepdbility loci (including die 
MHQ can differ markedly d^ending on the 
nonnautoimmnne strain used in linkage 

studies*^3^^1^ 

This phenomenon may be caused by epistatic interac- 
tions of susceptibility genes with die non-autoun- 
mune genetic background and/or the sharing of 
disease mediating alleles between strains. The major- 
ity of NOD <fiabetes susceptibility loci were mapped 
using a NODyC57BL/10 or NOD/C57BL/6 combina- 
ticmt^^^. However, although it would have been ideal 
to use the NOD and CSTBUe strains for detecting 
common SLB and diabetes genes, this strain combina- 
tion was not used due to the higji level of 
immune-complex mediated GN occunrirag in their Fl 
progeny. 

Outside the MHC, IddS on chromosome 3 has a 
large influence on the development of type 1 diabetes 
in NOD mice, in addition, Idd3 has shown evidence 
of being a common autoimmunity gene, as it also con- 
fers susceptibility to EAE in NOD mice^^^. A poly- 
morphism within exon 1 of the NOD lU gene seems 
to consistently segregate with Idd3 in several mouse 
crosses, maldng it the major candidate within this 
re^ont^^l Chestnut et fdP^^ have sequenced R2 in 
several mouse strains and found thai C57BL/10* 
C57BL/6 and BALB/c all share an allele of this gene 
which is associated with resistance to both diabetes 
and EAE Therefore, if ffi is indeed IdS , the fact that 
no linkage was detected on chromosome 3 for any of 
the SLE traits tested in this awdy signifies that this 
promisiE^ common autodmmunity gene is unlikely to 
afiect systemic autoimmunity in NOD mice. 

A particularly interesting finding in the Jofdan et 
fliJ**^ study was the linkage detected for ANA and 
autoantibodies on distal chromosome 1 (designated 
Banal and Babs3, respeclivdly). These lod mapped 
to a similar region as a chister of SLE soscepiihility 
loci derived from the BXSB, NZB/NZW and 
NZM2410 strains (Kgmc 1) which mdude: Uw7 and 
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Mm22, both NZB derived genes aflfecdag the produc- 
tion of ANA and GN^^'*^'^^; Slel, an NZW-derived 
susceptitrility gene which also confers suscepdbilicy 
10 GN and ANA^^^^^^; and Bx^3, a BXSB susceptibil- 
ity gene associ^ed witii ANA production'^**'. Furdier- 
tftOfc, the syntenic region in htanaos (lq23-24) has 
also exhibited linkage to SLE in seyeial diverse popu- 
lations, including Caucasian, AMcan-Ametican and 
Mexican-American^^'^. The detection of Unkage to 
SLE within this segment in various mouse strains and 
multiple human ethnic groops implies the presence of 
a gene, or a cluster of gcncs^ which have a potent 
effect on the development of systemic autoimmumty. 

Two very promising candidate genes within the 
BanaS/Bitbsl interval on chtomosome 1 include 
fcgrlh (encoding Fc gamma receptor IIB (FcyRIIB; 
CD32)) and Fasl (encoding Fas ligand). While most 
other FcyR molecules promote infiammatory 
responses when coligated by IgG immune complexes, 
FcyRIIB downrcgulates the activatioa of cells such as 
B lymphccyteSf monocytes and macrophages^ due to 
an niM motif in its cytoplasmic domam^^^^. The tar- 
geted deletion of Fcgrlb in mice leads to. an enhanced 
production of inmiunoglobulin by B cells in response 
to antigen^*^^. Furthennoie, a destructive inflamnaa- 
toiy response, mainly mediated by macrophages, can 
also be induced in Fcgrlb^' mice when injected with 
concentrations of in^ninne complexes that have no 
eSiect on wild type nuc^^^l ^Vbasa et alJ-^"^^ have also 
demonstrated that the targeted deletion of Fcgr2b in 
the normally non-autoimmune 129/C57BL/6 
hybrid strain indisposed these mice to coUagea 
induced arthritis, associated with a large increase in 
IgG autoantibody levels specific for collagen. In the 
studies described above, the jdmaiy cause of the 
enhanced humoral and inflammatory responses in 
Fcgrlb"^' mice was shown to be due the decreased 
threshold of adivation displayed by macrophages and 
B cells when tbey bound immune complexes. Inter- 
e&tingly, a'^recent report has demonstrated that the 
promoter region of the Fcgrlb gene of NOD mice 
contains a deletion which results in the reduced ceQ 
expression of FcyRIIB molecules on macro- 
nhases and activated B . This promoter poLy« 

morphism is also shaied by a number of lupus prone 



mouse strains inclucfing NZB, BXSB and MRL^^^-^. 
On the other band, the polymorphism was absent in 
autoimmune resistant mouse strains such as BALB/c» 
C57BL/6, C57BU10 andDBAG. 

Fas ligand is very tightiy linked to the marker of 
highest linkage {DlMii399) in batii the ANA and 
autoantibody linkage datasets. This molecnle, 
expressed mainly on activared T ceills and NK cells, is 
a member of the tumour necrosis factor receptor fam- 
ily and induces apoptotic death in Fas bearing target 
ceUs^^^, Mice with a namral deficiency in Fas ligand 
due to a m.utation in the Fast gene (termed the gld 
mutation), develop systemic autoimmunity and a pro- 
gressive accmnulation of abnoimaUy activated lym- 
phocytcs^^^*^'^. Tie severity of lupns-litoe disease is 
dependant on the genetic background of the mice car- 
rying die gld mutation, with severely affected strains 
developing acute renal disease, vasculitis and arthii- 
tis^^^ Several studies utilising Fas- and FasL- defi- 
cient mice (ix, carrying the .i^r and gld mutations 
respectively) have revealed diat these molecules are 
likely to be important in the maintenance of periph- 
eral tolerance in lynq>hocytes^l Thus defects in this 
molecule could predispose NOD mice to tbe develop- 
ment of autoimmunity. Restriction &agment length 
polymorphism (RFLP) analysis of Fasl has shown 
that there are two alleles of this gene in the mouse^ 
mFasLI and mFasL2, which are distinguished by 
two amino acid substitiitions which are predicted to 
occur in the Fas binding domain of the molecule^^l 
Functional analysis revealed that the protein encoded 
by mFasLl has nine fold higher cytotoxic activity 
than that of mFasL2, regardless of the allotype of Fas 
molecule displayed by target cells. Inteiestingly, the 
mFasLl is present ui several antoinunune strains 
including NOD, MRL, NZB, SJL, C3H and NZW, 
while BALB/c, DBA/1 and DBA/2 express 
raFasL.2^^^^. 

Despite being used as ttie resistant strain in tiie 
backcross with NOD mice, the linkage analysis of 
SLE induced by BCG also revealed two BALB/c 
derived genes designated Bah2 (chromosome 16) and 
Bana2 (dbromoscme 10), which confer susceptibility 
specifically to HA and tiie production of ANA« 
respectively. Other automunime disease susceptibility 
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loct have been detected an tiie BALB/c genetic back- 
ground inchiding Gasal and Gasa2 on chromosome 
predisposing to experimental antoinmrnne gas- 
tritis (EAG) and the Baa locns on chromosome 9, 
wbich is an SLE modifier'^^^ Bana2 and Bah2 dis^ 
played decreased linkage in the combined analysis of 
autoantibodies, suggesting diat their efifects were 
diluted by the addition of mice containing differing 
autoimmune specifidties. It is therefore likely that 
these genes are involved in diiecting the specificity of 
the autoimmune response against certain autoantigens 
(i.e. led blood cells or nuclear antigens). 

It was noticed that Bah2 mapped to a similar posi- 
tion as Aodl^ a locus found to confer susceptibility to 
neonatal thymectomy induced AOD in the A/J strain. 
As female BALB/c mice develop AOD after d3Tx at 
a low incidence (20-30%; ^\ it is possible diat 
Bah] and Aodl represent a cctmnon autoimoiunity 
gene between HA and AOD^^l Literesdngiy, the 
genes of the immunoglobulin lambda light chain are 
contained within the Bah2/AodI region of chmmo- 
some 

16176) 

. This cluster of genes are thus proposed 
as candidates for Bah2 since they could fulfil the role 
of being involved in tu^) diseases whOe still being able 
to direct the specificity of an autoimmaoe response. 
Indeed, a limited number of association studies in 
humans have found that polymorphisms within the var- 
iable genes of the immunoglobuiin heavy chain influ- 
ence the development of SLE^'-'^l 

The devekrpmeat of GN after BCG treatment bad 
an apparent genetic aetiology due to the high inci- 
dence of the trait in the NOD mice (90%) and the 
reduced incidence in tibie BALS/c and C57BL/6 
strains (30% and A4%, respectively; ^^'^^y However, 
significant linkage to GN was not found in the SLE 
linkage study pexfooued by Jordan and colleagues. It 
is likely that the existence of some backgroimd GN in 
the BALB/c strain after BCG treatm^t may have 
reduced the power of this linkage study. Nevertheless, 
various loci displaying a suggestive level of linirage 
were detected on chromosomes 1, 4, 12, 16 and 17, 
implicating a numb^ of putative susceptibility genes. 
The locus on chromosome 4 generated some interest 
as it was mapped to a similar region as sevefal GN 
susceptibility loci derived finmNZB, NZW and MRL 
mouse strains including Nbal Lbw2 (both NZB 



derived; fS*^'*^!), Sle2 (contains NZB and NZW contri- 
butions; ^^^h and (CSlBUe-lpr derived; 
This intenrai also maps dose to th& NOD diabetes 
susceptibility gene Iddll^^\ Similarly, the putative 
susceptibility locus on proximal chromosome 1 is 
mapped near a BXSB GN susceptibility locus (fixsJ) 
and a NOD diabetes susceptibility locus (IddS; 
^*^^), Tb&sc colocahsations could indicate shared 
susceptibility genes betiveen these traits. One of the 
candidate genes for the proximal chromosome 1 
region is the SlclIaJ gene, which cod« for a maoo- 
phage-spedfic membrane transport protein that deter- 
mines susceptibility to intracellular pathogen 
infection^. This candidate gene would be consistent 
with GN being the trait most affected by BCG treat- 
ment, since few NOD mice develop tins manifestation 
spontaneously in senescence compared to the devel- 
opmmt of ANA or HA^^*^, P<>Iymotphisms in the 
Slcllai gene have been detected between the NOD 
and BALB/c strains, which could ultimately affect 
susceptibility to GN through altered interactions with 
BCG^*^^- Despite mapping to interesdng positions in 
the genome, both of the putative GN suscepdbdlity 
loci on chromosome 1 and 4 reqmre coofirmation in 
an independent linkage smdy. Alternatively, the 
effects of these loci on GN susceptibility could be 
checked by inwiimidng WSDJdd5^ or IddlV con- 
gemc mice with heat killed M. bovis. 

In addition to the lod detected through linkage 
analysis, the exammaiion of di^exent directions of 
backcrosses between the NOD and BALB/c mice 
revealed the likely existence of au SLE susceptibility 
gene/s on the X chromosome which affected the 
development of HA and GN, but not ANA (Table 
The possibility that HA and GK share or have closely 
linked susceptibility genes on the X chromosome may 
account for the unusually high number of backcross 
mice which were found to develop both of these phe- 
notypes^'*^, Reciprocal backcrossing of NOD with 
various outccoss partners, including CS7BL/10 and 
NON, has not demonstrated the presence of a type 1 
diabetes susc^tibility loci on the X chromo- 
someP^*^^. Thus this gene on the X chromosome 
may be SLE specific. However, whether this gene 
segregates with diabetes in the NOD/BALB strain 
combination is yel to be tested 
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TABLB I iDcidcncefi of SLE associated traitB after BOGtreBbDeiitai diffcreat diicction* of iMdccroBses* 



Dinesim ifBadccrass 
(FemaUxMah) 


X specie genes 




AHA incid^nc^ 




K0DJt(NODxBALB) 


NOD homozygoia 


14/207(7^) 


mi7(ll%) 


25/218 (139t) 


NO0x(BALBxNOD) 


NOCVBAIB hetofozygous 


1/163(0.6%) 


14/164(9%) 


13/293 (4%) 


(NODrBAI^yicNOD & 


Segtegeting: NOD ot NOD/BALB 


217496(4%) 


97/420 (23«>) 


34/488 (7%) 


{BALBxNOD)xNOD 











"Data soom ton [47]. 

*^ODx(NODjcBALB) vs. NOnK(H ALBxNOD) iacideoce; p < 0,01, foodbld table 
"^ODxCNODxB ALB) vs. NODk(BALBxNOD) inddoncc; NS. fouxfdd t&fatle ^ test. 
"•nODxCNODjcBALB) vs. NOD3c(BALB3tNOD) incidence; p < 0.01, fourfold tabic test 

TABLE n Obiiaved GRR for pairs of susceptihiliiy lod vctbua predicted values far wlditive and multQjUcaiivc interacdoo mo<Ws* 



Obstrrcd 



Addtiw 



Trtsit 


Locus I (GRR) 


Lactts 2 (GRR) 


A23 


^2/ 


>li2 


A/; 




GRR 




GRR 




HA 


Bahl (0.59) 


Bali2C2^S3) 


4 


25 


2 


3 


2.13 


0.38 


12.56 


L66 


0.84 


ANA 


ffOTiaJ (0.70) 




29 




9 


6 


0.45 


0.60 


6J6 


0,48 


0.88 


ANA 


Bojial (0-70) 


Sana2 (1.73) 


8 


29 


7 


8 


L63 


1.00 


7,S9 


L22 


156 


ANA 




Sdna2 (1.73) 


13 


25 


2 


12 


1.00 


0.96 


0.08 


1.19 


1.09 


AAB 


Anjui (0.65) 


flfl6!f2 (0.73) 


49 


21 


15 


8 


0.47 


0.5B 


4.78 


0,4« 


0.09 



^ata sotuce from [47]. 

'The gesootypc risk ratio (GRR) is tlws tatio of diseas* risk in the badDcrofla progeny versus the disease risk in the susceptible pwental 
strain^ due to segrcgatiOT ^wmozyaoos versus heiei02ygou3) at a BuacepdbiBty locos or aet of auscepdbiltty locL Hie GBR waa calculated 
using the fbnmla derived by Risdi ertUP'^h GRR - A/2", A^, wlwe A is the total nnmber of affected backcross nwce m die daiaset, a is 
0)c wjnAtt «f lod beine t«itfid and A^i& the number of affected bacbcross mice canying (be genotype feom the susc^dWe mouse stram at 
the iQcosfloci being tested, lb characterise the rdatioaiship item&t pairs of soscuplibility loci, die observed GRR calculated for two loa 
were compared to expectwl C5RR vafuea of an adatdve Oact oi episcasi*) and mnliiplicativc (presence of ejnstasU) model <rf ifltefacdon as 
defined by Risch and collfiagues. 



One of the xmei^pected raults in this study was tbc 
lack of association between fee developfment of ANA 
and GN in die NOD/BALB backcioss paneL These 
data contradicted the proposed causative role of ANA 
(especially and^sDNA autoantLbotUes) In the devel- 
opment of glomeralonephritis^^. Nevertheless, the 
mdepeodeut segiegiation of th^e traits has also been 
repotted in the progeny of a bacikcross bet^en NZB 
and NZW mice, and F2 intercrosses involving the 
NZM2410 and CS7BL/6 strains, suggesting distinct 
genetic ccmtnbutions are pEiobably responsible for the 
development of these traits'-^^'^^l Indeed, dac cumnt 
study did not find axxy evidence of conunon suscepti- 
bili^ led between ANA and GN. Although botb HA 
and ANA showed strong linkage Co the iK3 region, the 
coinheritance of ihese traits was not higher than that 



expected by chance. This may reflect a requirement 
for epistatic interactions between fee MHC genes and 
distinct HA and ANA-spedfic non-MHC genes. 
Indeed this seems to be die case as the combined gen- 
otype risk ratios (GRR) of MHC and non-MHC sus- 
ceptibility genes were found to confbnD better to the 
moldplicative modd of interactions rather than the 
additive model (Table II). 



CONCLUSION 

In NOD mice, geoes widiin two gwiomic regions on 
chramosome 1 {BaruzS/Babsl) and 17 {Bahl/Bmal/ 
Babsl) appear to be of great importance to the devel- 
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qjment of SLB and autoitnxxiune disease. The 
Bakl/BamJ/Babsl genes, which are probably witUa 
H2, cokKialise with the lddlAddI6 genes piedispos- 
iDg to diabetes on same genetic background and 
thus may represent cGmmon antoinununity gene/s 
affecting both diseases within the MHC The 
Bana3/Babs2 genes arc located in a similar position 
as several SLH susceptibility loci from other mouse 
models and aie syntenic to an SLE susceptibility 
locus present in vaiions hnman populations. The colo- 
calisation/synoeny of these SLE genes may indicate 
the presence of a gene (or cluster of genes) with a 
potent effect on systemic acutoimmunity in this region. 
The dncidatiaa of these NOD suscepdbili^ genes, 
through the development of congenic mice, candidate 
testing and/or positional cloning, will no doubt be 
important for devclopmg a greater understanding of 
the mechanisms responsible for initiating SLE and 
autoimmune diseases in general. 
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Exhibit I 



C iL Acad. Sd. Paris^ t 314, S^rie m, suppUment &d n' 9, p. 45-46, 1992 



The Non Obese Diabetic (NOD) mouse^ as a model of T 
cell mediated autoimmune disease 



La souris NOD Nan Obese Diabetic »), modele de maladie autoimmune a 

mediation celluiairc 

Risumi - Les souris ^ Non Obese Diabetic » (NOD) representent iin precieux modele 
dc diabete iosuliaodependaAt humain. Les etudes realisees chez ces souris ont montre que 
Ic dlabcte est lie a Pacdon exclusive des cellules T (CD4) ct CD8). La makdie est detenninee 
par k presence simultanee de plusieur^ ^enes. Deux d'entre eux ont etc localises : un gene 
H-l du complcxe majeur d'histocompadbilite, sur Ic chromosome 17 et un gene codanc pour 
la periiasulite but Ic chromosome 1. La makdic est favorisec par im dereglement des fonctions 
rcgulatriccs, ootsmment de certains mecanismes suppresseurs faisant incervenlr les cellules 
CD4, La souris NOD est utilisee avec succes pour rccherchcr de ii£iuv«aux traitemcQta 
iinmuiiopreventifs applicables a rhommc. 



Type I diabetes is an autoimmune disease characterized by the presence of anti-islet 
ceil antibodies, association to other autoimmune diseases and defined HLA antigens and 
sensitivity to immunosuppressive therapy. Two animal models of the disease have been 
reported: the BB rat and the NOD mouse. 

The NOD mouse shows infiltration of islets by mononuclear cells at 4-6 weeks of age 
and clinical diabetes at 4-6 months with a clear predominance in females. This sex 
difference in disease incidence and severity is due to the protective effect of androgens 
as shown by castration experiments. It is a T cell mediated disease as assessed by 
disease transfer achieved by T cell transfusion. Both CD4'*" and CDS"^ T cells are 
required to obtain the transfer which can be achieved inasmuch as the recipient is 
immunocompetent (neonate or irradiated adult) [1], Injection of purified CD4 and CDS 
populations shows that CD4'^ cells enter the pancreas in which they can penetrate in 
absence of CDS"^ cells. Conversely CDJ"^ cells require the presence of CD4^ cells to 
enter the pancreas [2]. Some data argue in favor of a restriction of V p gene usage by 
diabetogenic T cells^ notably data obtained in our laboratory by Claude Camaud for 
the V P6 gene, but the point remains controversial. The nature of the effector mechanism 
which leads to p cell destruction is also to be determined: lympholdne production or 
cytolysis mechanism? The answer wiU probably have to await the identification of the 
target autoantigens which is not yet defined in spite of the proposal of several candidate 
autoantigens (a 64K protein, shown to be glutamic add decarboxylase [3], a 58K [4] and 
a 38K [5] protein^ gangliosides, etc.). 

The genetic oontrol of diabetes in NOD mice has been the matter of extensive 
investigatioii. The role ofMHC genes is well established. Specific I*A encoded antigens 
are mandatory for islet cell autoantigen recognition. The absence of I-E gene observed 
in NOD mice could also play a role since I-E transgenic mice are protected from diabetes 

C7644469/92/03I40045 S 2.00 e Acad^nue des Sofiflces 
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onset [6]. Segregation studies of F2 crosses and baclccrosscs indicate however that nou 
MHC genes also interveac. Studies by Wicfcer [7] and Leiter P] have indeed shown the 
existcJice of such gancs. Recently, in collaboration with H. J. Gardion we have identi- 
fied in (NOD X C57BL/6) F2 mice one of these genes which codes for peri insulitis, the 
first phase of the disease [9]. Using mica-osatellite probes we have mapped this gene to 
chromosome 1 close to the Bcl2 oncogene. Its mechanism of expression is not known 
(infiufince on lymphocyte homing More ^erally much remains to be learnt on the 
mechanisms of expression of diabetes predisposing genes. 

It is likely that one or several of these genes code for the immune disregulation 
observed in these mice. One may thus assume that the defective suppressor cell control 
b under genetic control Such a defect is indicated by the acceleration of the disease 
afforded by thymectomy and cyclophosphamide, two procedures known to alter suppres- 
sor cell function. Direct evidence for the existence of diabetes suppressor CD4 T cells 
has been obtained m a transfer model [10). We do not know however the precise 
phenotype of the suppressor cells nor its T cell receptor gene usag^ or its mode of action 
(lymphokine production?). 

Ail these observations have important dinical therapeutic applications. In fact, one 
may prevent the onset of diabetes in NOD mice by a number of methods including 
chemicals (cyclosporine, FK 506) or monoclonal antibodies {anti T cell receptor, anti- 
CD3, CD4, IL-2 receptor antibodies). Several of these methods have already b^ 
applied to human insulin dependent diabetes and one may hope that the strategies 
established in NOD mice will permit us to set up protocols leading ultimately to 
immunoprcvention of the disease in man. 
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Activators and target genes of Rel/NF-?cB transcription factors 

Heike L Pahl* ' 
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The vertebrate transcription factor NF-kB is induced by 
over 150 different stimuli. Active NF-kB, in turn, 
participates in the control of transcription of over 150 
target genes. Because a large variety of bacteria and 
viruses activate NF-kB and because the transcription 
factor regulates the expression of inflammatory cyto- 
kines, chemokines, immunoreceptors, and cell adhesion 
molecules, NF-kB has often been termed a *central 
mediator of the human immune response'. This article 
contains a complete listing of all NF-kB inducers and 
target genes described to date. The collected data argue 
that NF-kB functions more generally as a central 
regulator of stress responses. In addition, NF-kB 
activation blocks apoptosis in several cell types. Coupling 
stress responsiveness and anti-apoptotic pathways 
through the use of a common transcription factor may 
result in increased cell survival following stress insults. 

Keywords: NF-kB; Rel; transcription factors; immune 
response; stress response; ER overload 



NF-fcB, a central mediator of the human immune 
response 

The RcI/NF-kB family of eukaryotic transcription 
factors is comprised of several structurally-related 
proteins that form homodimers and heterodimers 
(Chen and Ghosh, 1999, this issue). In vertebrates, 
this family includes p50/pl05, p52/pl00, Rel A (p65), c- 
Rel and RelB. These dimers bind to a set of related 
10 bp DNA sites, collectively called kB sites, to 
regulate the expression of many genes. In most cells, 
RcI/NF-kB transcription complexes are present in a 
latent, inactive state in the cytoplasm where they are 
bound to an inhibitor (IkB). As described below, many 
stimuli can rapidly activate these transcription com- 
plexes by freeing them from their inhibitor and 
enabling them to translocate to the nuclues. The most 
common RcI/NF-kB dimer in mammals contains p50- 
RelA and is specifically called NF-kB. For the 
purposes of this review, NF-kB will be used to refer 
any induced complex that can be translocated from the 
cytoplasm to the nucleus and can bind to kB sites. 

The transcription factor NF-kB has often been 
called a 'central mediator of the human immune 
response'. How was such a reputation established and 
is it justified? A summary of all stimuli that are known 
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to activate NF-kB (Table 1) and a compilation of its 
many target genes (Table 2) may provide an answer. 

In many cell types, nuclear NF-kB activity is 
induced by exposure to a wide variety of bacteria or 
bacterial products (Table I). Likewise, a host of viruses 
or their proteins activate NF-kB (Table 1). Bacterial 
and viral infection certainly present situations where an 
adequate immune response is vital. That human cells 
respond to so many diflferent organisms by activating 
the same transcription factor, NF-kB, is one reason for 
its reputation as a 'central switch'. Moreover, 
homozygous disruption in mice of the genes encoding 
certain members of the RcI/NF-kB family, including 
those encoding c-Rel, p50 and RelB, leads to defects in 
the immune response to certain pathogens (Gerondakis 
et al, 1999, this issue). 

The active NF-kB transcription factor promotes the 
expression of over 150 target genes (Table 2). The 
majority of proteins encoded by NF-kB target genes 
participate in the host immune response. These include, 
for example, 27 different cytokines and chemokines, as 
well as receptors required for immune recognition, such 
as MHC molecules, proteins involved in antigen 
presentation and receptors required for neutrophil 
adhesion and transmigration across blood vessel walls 
(Table 2). These target genes alone would merit NF-kB 
the designation as a 'central mediator of the immune 
response'. 

Many viruses that induce NF-kB activity also 
harbor NF-kB binding sites in their viral promoters 
(Table 2). Therefore, it seems likely that a virus would 
gain a selective advantage from the acquisition of a kB 
site in its promoter. If the transcription factor is 
induced either directly through viral infection or 
indirectly by the ensuing immune response (via 
inflammatory cytokines, for example), the kB site- 
containing viral promoter will be transactivated, 
resulting in enhanced viral transcription. Thus, the 
organism's own sword is turned against itself. The 
presence of a kB site in the HIV-1 promoter may have 
led to the activation of viral replication that was 
observed during trials in which IL-2 was used to 
stimulate T-cell replication in HIV-1 -infected patients 
(Kovacs et aL, 1995). A low level of NF-kB activation 
is perhaps part of the mechanism by which some 
viruses, such as EBV, HSV, CMV or HIV-1, maintain 
their chronic infections. 

A compilation of the many pathogens that induce 
NF-kB and a look at the function of its various target 
genes certainly validate the reputation this transcrip- 
tion factor has gained as an important regulator of the 
immune response. Moreover, the fact that viruses often 
use this protein to their advantage argues that NF-kB 
activity exerted an evolutionary pressure on these 
pathogens. 
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Table 1 Inducers of NF-kB activity 



Condition 



Table 1 continued 



Reference 



Condition 



Bacteria 

EPEC, enterophathogenic E. colt 
Gardnerella vaginalis 
Helicobacter pylori 
Lactohacilli 

Listeria monocytogenes 
Micoplasma fermentans 
Mycobacteria tuberculosis 
Neisseria gonorrhoeae 
Rickettsia rickettsii 
Salmonella dublin 
Salmonella typhimurium 
Shigella flexneri 
Staphyllococcus aureus 
Bacterial Products 
Diphosphory) lipid A 

{Rhodobacter sphaeroides) 
Exotoxin B 
G(Anh) M Tetra 
Lipoteichoic acid {Listeria) 
Lipopolysaccharide (LPS) 
membrane lipoproteins 

{Micoplasma fermentans) 
Muramyl Peptides 
PIcA (Phospholipase) {Listeria) 
PIcB (Phospholipase) {Listeria) 
Staphylococcus enterotoxin 

A and B (super antigen) 
Toxic Shock Syndrome Toxin 1 
Viruses 
Adenovirus 
Cytomegalovirus 
Epstein-Barr Virus (EBV) 

Hepatitis B Virus 
Herpes Virus Saimiri 
Human Herpesvirus 6 
HIV- 1 

Herpex Simplex Virus -1 
HTLV-I 

Influenza Virus 
Measles Virus 

Molony Murine Leukemia Virus 
Newcastle disease virus 
Respiratory Syncytial Virus 



Rhinovirus 

Sendai paramyxo virus 
Sindbis Virus 

Viral Products 
Adenovirus 5: El A 
Adenovirus: E3/19K 
CMV: iel 

Double-stranded RNA 

EBV: EBNA-2 
EBV: LMP 

HBV: HBx 
HBV: LHBs 
HBV: MHBs* 
HCV: Core protein 
Herpes Saimiri: HVSI3 
HIV-1: gpl60 
HIV- 1: Tat 
HTLV-I: Taxi 

HTLV-II: Tax2 

Influenza Virus: Hemagglutinin 
Parvovirus BI9: NSI 



Savkovic et aL, 1997 
Hashemi et al., 1999 
Munzenmaier et ai, 1997 
Klebanoff e/ ai, 1999 
Hnuiet ai, 1994 
Marie et al., 1999 
Zhang et al., 1994 
Naumann et ai, 1997 
Sporn et ai, 1997 
Eaves-Pyles et al., 1999 
Hobbie et al., 1997 
Dyer et al., 199 
Busam et al., 1992 

Lawrence et al., 1995 

Busam et al., 1992 
Dokter et al., 1994 
Hauf al., 1997 
Sen and Baltimore, 1986a 
Garcia et al., 1998; 

Rawadi et al., 1999 
Schreck et al., 1992 
Uaufet al., 1997 
Hauf e; al., 1997 
Trede et al., 1993; 

Busam et ai, 1992 
Trede et al., 1993 

Shurman et al., 1989 
Sambucetti et al., 1989 
Hammarskjold and Simurda, 
1992 

Siddiqui et al., 1989 
Yao et al., 1995 
Ensoli et al., 1989 
Bachelerie et al., 1991 
Gimble et al., 1988 
Leung and Nabel, 1988; 

Ballard et al., 1988 
Ronni et al., 1997 
Harcourt et al., 1999 
Pak and Faller, 1996 
Ten et al., 1993 
Mastronarde et al., 1996; 

Garofalo et al., 1996 
2hu et al., 1996a; 

Zhu et al., 1996b 
Hiscott et al., 1989 
Lin et al., 1995a 

Shurman et al., 1989 
Pahl et al., 1996 
Sambucetti et al., 1989 
Visvanathan and Goodbourn 
1989 

Scala et al., 1993 
Hammarskjold and Simurda, 

1992 
Twu et al., 1989 
Hildt et al., 1996 
Meyer et al., 1992 
You et al., 1999 
Yao et al., 1995 
Chirmule et al., 1994 
Westendorp et al., 1994 
Ballard et al., 1988; 

Leung and Nabel, 1988 
Tanaka et al., 1996 
Pahl and Baeuerle, 1995a 
Moffatt et al., 1996 



Reference 



Eukaryotic parasite 
Theileria parva 

( Inflammatory) Cytokines 

IL-1 

IL-2 

IL-1 2 

IL-15 

IL-1 7 

IL.18 

LIE 

THANK 
TNFa 

TNF^ 

Physiological (Stress) Conditions 

Adhesion 

Depolarization 

Hemorrhage 



Hyperglycemia 
Hyperosmotic Shock 
Hyperoxia 

Ischemia (transient, focal) 

Liver Regeneration 

Mechanical Ventilation {in vitro) 

Reoxygenation 

Shear Stress 

T-cell Selection 

Physical Stress 

PPME Photosensitization 

Ultraviolet irradiation (UV-A, B, C) 

Wounding combined with HeNe 

irradiation 
y Radiation 

Oxidative Stress 
Butyl Peroxide 
Hydrogen Peroxide 
Ozone 
Pervanadate 
Reoxygenation 

Environmental Hazards 

3,3',4,4'-tetrachlorobiphenyl (PCB77) 

Chromium 

Cigarette Smoke 

Cobalt 

Crocidolite asbesstos fibres 
Dicamba (herbicide, peroxisome 

proliferator) 
Lead 
Nickel 

Silica Particles 

Therapeutically used drugs 

1 -b-D-Arabinofuranosyl-cy tosine 

(ara-C) 
Anthralin 

Azidothymidine (AZT) 
Camptothecin 
Ciprofibrate 
Cisplatin 
Daunomycin 

Daunorubicin 
Doxorubicin 
Etoposide 
Haloperidol 
Methamphetamine 
Phenobarbital 
Tamoxifen 



Ivanov et a/„ 1989 

Osborn et al., 1989 
Hazan et al., 1990 
Grohmann et al., 1998 
McDonald et al., 1998 
Shalom-Barak et al., 1998 
Matsumoto et al., 1997 
Gruss et al., 1992 
Mukhopadhyay et al., 1999 
Osborn et al., 1989; 

Israel et al., 1989a 
Messer et ai, 1990 

Lin et ai, 1995b 
Kaltschmidt et al., 1995 
Shenkar et ai, 1996; 

Shenkar and Abraham, 

1997 

Yemeni et al., 1999 
Courtois et al., 1997 
Shea et ai, 1996 
Gabriel et ai, 1999; 

Li et ai, 1999 
Tewari et ai, 1992; 

Cressman et ai, 1994 
Pugin et ai, 1998 
Rupee and Baeuerle, 1995 
Lan et ai, 1994 
Moore et ai, 1995 

Legrand-Poels et ai, 1995 
Stein et ai, 1989 
Haas el ai, 1998 

Brach et ai, 1991a 

Munroe et ai, 1995 
Schreck et ai, 1991 
Haddad et ai, 1996 
Imbert et ai, 1996 
Rupee and Baeuerle, 1995 

Hennig et ai, 1999 
Ye et ai, 1995 
Nishikawa et ai, 1999 
Goebeler et ai, 1995 
Janssen et al., 1995 
Espandiari et ai, 1998 

Ramesh et ai, 1999 
Goebeler et ai, 1995 
Chen et ai, 1995 

Strum et ai, 1994 

Schmidt et ai, 1996 

Kurata. 1994 

Pi ret and Piette, 1996 

Li et ai, 1996a 

Nie et ai, 1998 

Das and White, 1997; 

Hellin et ai, 1998 
Wang et ai, 1996 
Das and White, 1997 
Bessho et ai, 1994 
Post et ai, 1998 
Asanuma and Cadet, 1998 
Li et ai, 1996b 
Ferlini et ai, 1999 
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Table 1 continued 



Condition 
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Reference 



Taxol (Paclitaxel) 
Vinblastine 
Vincristine 

Modified Proteins 
Advanced glycated end products 
(AGEs) 

Amyloid Protein Fragment (^A4) 
Maleylated BSA 
Modified (Oxidized)LDL 

Overexpressed Proteins (ER Overload) 
CFTR 

Erythropoietin-Receptor 



Ig heavy chain 
MHC Class I 
Receptor Ligcmds 
Antigen (IgM-Ligand) 
CDIlb/CD18-Ligand (Complement) 
CD28-Ligand (B7-1) 
CD2-Ligand 

CD35-Ligand (Complement) 
CD3-Ugand 
CD40-Ligand 
CD4-Ligand (gpl20) 
Fc-2a-Receptor-Ligand (IgG2a) 
Flt-1-Ligand 
Ly6A/E-Ligand 
N-CAM 

Trail-receptor- 1-Ligand (Trail) 
Trail-receptor-2-Ligand (Trail) 
Trail-receptor-4-Ligand (Trail) 
Apoptotic Mediators 
Anti-Fas/Apo-1 
Trail 

Mitogens, growth factors and hormones 
Bone morphogenic protein 2 
Bone morphogenic protein 4 
Folicle Stimulating Hormone 
Human Growth Hormone 
Insulin 
M-CSF 

Nerve Growth Factor 

Platelet-Derived Growth Factor 
Serum 
TGF-a 

Physiological Mediators 
l2(R)-Hydroxyeicosatrienoic acid 

Amino acid analogs 
Anaphylatoxin C3a 
Anaphylatoxin C5a 
Angiotensin II 

Basic calcium phosphate crystals 
Bradikinin 

C2-Ceramide (N-acetyl-sphingosine) 
Cerulein 

Collagen lattice 
Collagen Type I 
Des-ArglO-kallidin (Bl receptor 
agonist) 

Double-stranded polynucleotides 
f-Met-Leu-Phe 

Heat shock protein 60 (HSP 60) 
Hemoglobin 
Hyaluronan 
Kaianic acid (Kainate) 
Leukotriene B4 
L-Glutamate 

Lysophosphatidylcholine (LysoPC) 



Hwang and Ding, 1995 
Rosette and Karin, 1995a 
Das and White, 1997 

Yan et al., 1994; 

Wautier et al., 1994 
Behl et «/., 1994 
Misra et ai, 1996 
Rajavashisth et ai, 1995; 
Andalibi et ai, J993 

Knorre and Pahl, 

unpublished observation 
Knorre and Pahl, 

unpublished observation 
Pahl and Baeuerle, 1995b 
Pahl and Baeuerle, 1995b 

Marcuzzi et ai, 1989 
Thieblemont et ai, 1995 
Verweij et ai, 1991 
Bressler et ai, 1991 
Thieblemont et ai, 1995 
Tong-Starksen et ai, 1989 
Berberich et ai, 1994 
Chirmule et ai, 1994 
Muroi et ai, 1994 
Reikerstorfer et ai, 1995 
Ivanov et ai, 1994 
Krushel et ai, 1999 
Schneider et ai, 1997 
Schneider et ai, 1997 
Degli-Esposti et ai, 1997 

Rensing-Ehl et ai, 1995 
Schneider et ai, 1997 

Mohan et ai, 1998 
Mohan et ai, 1998 
Delfino and Walker, 1998 
Shen et ai, mi 
Bertrand et ai, 1995 
Brach et ai, 1991b 
Wood, 1995; 

Carter et ai, 1996 
Olashaw et ai, 1992 
Baldwin et ai, 1991 
Lee et ai, 1995 

Laniado-Schwartzman 

et ai, 1994 
Kretz-Remy et ai, 1998 
Pan, 1998 
Pan, 1998 

Li and Brasier, 1996 
McCarthy et ai, 1998 
Pan et ai, 1996 
Andrieu et ai, 1995 
Gukovsky et ai, 1998; 

Steinle et ai, 1999 
Xu et ai, 1998 
Lee et ai, 1995 
Schanstra et ai, 1998 



Suzuki et ai, 1999 
Browning et ai, 1997 
Kol et ai, 1999 
Simoni et ai, 1998 
Noble et ai, 1996 
Kaltschmidt et ai, 1995 
Brach et ai, mi 
Guerrini et ai, 1995 
Zhu et ai, \997 



Condition 



PAF (platelet activating factor) 

Potassium 
Thrombin 

Chemical Agents 
2-Deoxyglucose 
Anisomycin 
Brefeldin A 
Calchicine 

Calcium lonophores 
Calyculin A 
Cobalt chloride 
Con A 

Cycloheximide 
Cyclopiazonic Acid 
Forskolin 
Glass fibres 
Linoleic acid 
L-NMA 

Lysophosphatidic acid 
Monensin 

N-methyl-D-aspartate 
Nocodazol 
Okadaic Acid 
PHA 

Phorbol ester 

Podophyllotoxin 

Pyrogallol 

Quinolinic acid 

Thapsigargin 

Tunicamycin 

Vinblastine 



Reference 



Smith and Shearer, 1994; 

Mutoh et ai, 1994 
Kaltschmidt et ai, 1995 
Mari et ai, 1994 

Pahl and Baeuerle, 1995b 
Sen and Baltimore, 1986a 
Pahl and Baeuerle, 1995b 
Rosette and Karin, 1995a 
Novak et ai, 1990 
Suzuki et ai, 1994 
Sultana et ai, 1999 
Rattner et ai, 1991 
Sen and Baltimore, 1986a 
Pahl et ai, 1996 
Delfino and Walker, 1998 
Ve et ai, 1999 
Hennig et ai, 1996 
Peng et ai, 1995 
Shahrestanifar et ai, 1999 
Pahl and Baeuerle 

unpublished observation 
Guerrini et ai, 1995 
Rosette and Karin, 1995a 
Thevenin et ai, 1991 
Sen and Baltimore, 1986b 
Sen and Baltimore, 1986a 
Rosette and Karin, 1995a 
Adcock et ai, 1994 
Qin et ai, 1998 
Pahl et ai, 1996 
Pahl and Baeuerle, 1995b 
Rosette and Karin, 1995a 



Where possible, the first publication 
reference 



to report the data is given as a 
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NF-fcB, a central regulator of the stress response 

NF-kB, however, is involved in the control of 
transcription of many genes whose functions extend 
beyond the immediate immune response. For example, 
NF-fcB also regulates the transcription of many acute 
phase proteins (Table 2). Similarly, there are many 
activators of NF-kB that are not bacterial and viral 
pathogens. Therefore, rather than being a central 
mediator of the immune response, NF-kB perhaps 
more generally represents a regulator of stress 
responses. NF-kB activity, for instance, is induced 
during various physiological stress conditions such as 
ischemia/reperfusion, liver regeneration and hemorrha- 
gic shock (Table 1). Physical stress in the form of 
irradiation as well as oxidative stress to cells also induce 
NF-kB (Table 1). In this context, it appears evolutiona- 
rily beneficial that a large variety of stress response genes, 
such as the inducible nitric oxide synthase (iNOS) and 
cyclooxygenase-2 (COX-2), are in turn activated by NF- 
kB (Table 2). Again, NF-kB relays the information of an 
imminent stress and at the same time enacts a response 
by promoting the transcription of genes whose products 
alleviate the stress condition. 

Besides physiological stress situations, the human 
body is exposed to environmental hazards and 
therapeutic drugs, which can also exert a stress. 
Indeed, NF-fcB is activated both by environmental 
stresses, such as heavy metals or cigarette smoke, and 



6856 



NF-jcB, activation and targets 

HL Pahl 



Table 2 Target genes of NF-kB 



Gene 



Function 



Reference 



Cytokines! Chemokines and their modulators 



CINC 
♦CXCL 1 1 
Eotaxin 
Gro oL-y 
IFN-7 

IL-ICE 

IL-l-receptor antagonist 
IL-2 

IL-6 
IL-8 
♦IL-9 
IL-II 

IL-I2 (p40) 

*IL-I5 

^-Interferon 

IP-10 

KC 

Lymphotoxin a 
Lympiiotoxin ^ 
MCP-l/JE 
MIP-la,jS 
MIP-2 
RANTES 



Cytokine-induced neutrophil chemoattractant 

Chemokine ligand for CXCR3 

^ Chemokine, eosinphil-specific 

Melanoma growth stimulating activity 

Interferon 

Interleukin-la 

Interleukin-1^ 

Inhibitor of IL-1 activity 

InterIeukin-2 

Interieukin-6, inflammatory cytokine 

Interleukin-8, a-chemokine 

InterIeukin-9 

Interleukin-l I 

Interleukin-I2 

Interleukin-I5 

Interferon 

a Chemokine 

a Chemokine 



Anchors TNF to cell surface 
Macrophage chemotactic protein, ^ Chemokine 
Macrophage inflammatory protein- 1, ^ Chemokine 
Macrophage inflammatory protein-!, ^ Chemokine 
Regulated upon Activation Normal T lymphocyte 
Expressed and Secreted, ^ Chemokine 
TCA3, T-cell activation gene 3 T-cell activation gene 3, Chemokine 



TNFa 
TNF)3 

Immunoreceptors 
B7.1 (CD80) 
BRL-1 
CCR5 
CD48 

Fc epsilon receptor II (CD23) 
IL-2 receptor a-chain 
ImmunoglobuHn Cgammal 
Immunoglobulin e heavy chain IgE heavy chain 
Immunoglobulin k- light chain Antibody light chain 
Invariant Chain Ii 
MHC class 1 (H-2IC*') 
MHC Class I HLA-B7 
^2 Microglobulin 
T-cell receptor ^ chain 
*TNF-Receptor, p75/80 



Tumor necrosis factor at 
Tumor necrosis factor ^ 

Co-stimulation of T cells via CD28 binding 
B-cell homing receptor 
Chemokine receptor 
Antigen of stimulated lymphocytes 
Receptor for IgE 
IL-2 receptor subunit 
IgG heavy chaini 



Proteins involved in antigen presentation 



Antigen presentation 
Mouse histocompatibility antigen 
Mouse histocompatibility antigen 
Binds MHC class I 
T-cell receptor subunit 
High-affinity TNF receptor 



Proteasome Subunit LMP2 
Peptide Transporter TAPl 

Cell adhesion molecules 

ELAM-I 

ICAM-I 

MadCAM-1 

P-selectin 

Tenascin-C 

VCAM-1 

Acute phase proteins 
Angiotensinogen 
C4b binding protein 
Complement factor B 
Complement Factor C4 
C-reactive protein 
Lipopolysaccharide binding 

protein 
Pentraxin PTX3 
Serum amyloid A precursor 
Tissue factor-! 
Urokinase- type Plasminogen 

activator 

Stress response genes 
Angiotensin II 



Subunit of 26S proteasome, 
Peptide transporter for ER 



cysteine protease 



E-selectin, endothelial cell leukocyte adhesion molecule 
Intracellular adhesion molecule- 1 
Mucosal addressin cell adhesion molecule 
Platelet adhesion receptor 

ECM protein controls cell attachment and migration, 

cell growth 
Vascular cell adhesion molecule 

Angiotensin precursor, regulates blood pressure 
Complement binding protein 
Complement factor 

Activates extrinsic pathway of complement activation 
Pentraxin 

Binds to LPS receptor (CD 14) with LPS 

Pentraxin 

Serum component 

Activates extrinsic pathway of complement activation 
Activates fibrinogen for fibrin clot lysis 



Blackwell et ai, 1994; Ohtsuka et ai, 1996 

Tensen et ai, 1999 

Hein et al., 1997 

Anisowicz et ai, 1991 

Sica et al., 1992; Sica et aL, 1997 

Mori and Prager, 1996 

Hiscott et al, 1993 

Smith et ai, 1994 

Serfling et al., 1989; Hoyos et ai, 1989; 

Lai et al., 1995 
Libermann and Baltimore, 1990; Shimizu et al., 1990 
Kunsch and Rosen, 1993 
Zhu et al., 1996a 
Bitko et al., 1997 
Murphy et aL, 1995 
Azimi et al., 1998 

Hiscott et al., 1989; Lenardo et al., 1989 

Ohmori and Hamilton, 1993 

Ohmori et al., 1995 

Worm et al., 1998 

Kuprash et al., 1996 

Ueda et al., 1994 

Grove and Plumbi, 1993; Widmer et al., 1993 
Widmer et al., 1993 
Moriuchi et al., 1997 

Oh and Metcalfe, 1994 

Shakhov et al., 1990; Collart et al., 1990 

Paul et al., 1990; Messer et al., 1990 

Fong et al., 1996; Zhao et al., 1996 
Wolfe/ al., 1998 
Liu et al., 1998 

Klaman and Thorley-Lawson, 1995 

Richards and Katz, 1997 

Ballard et al., 1988 

Lin and Stavnezer, 1996 

Iciek et al., 1997 

Sen and Baltimore, 1986b 

Pessara and Koch, 1990 

Israel et al., 1989a; Israel et al., 1989b 

Johnson and Pober, 1994 

Israel et al., 1989a; Israel et al., 1989b 

Jamieson et al., 1989 

Santee and Owen-Schaub, 1996 

Wright et al., 1995 
Wright et al., 1995 

Whelan et al., 1991 
van de Stolpe et al., 1994 
Takeuchi and Baichwal, 1995 
Pan and McEver, 1995 
Mettouchi et al., 1997 



lademarco et al., 1992 

Brasier et al., 1990; Ron et al., 1990 

Moffat and Tack, 1992 

Nonaka and Huang, 1990 

Yu et aL, 1989 

Zhang et al., 1995 

Schumann, 1995 

Basile et al., 1997 

Edbrooke et al., 1991; Li and Liao, 1991 
Mackman et al., 1991 
Novak et al., 1991 



Peptide hormone 



Brasier et al., 1990 



continued 



NF-kB, activation and targets 
HL Pahl 



Table 2 continued 



6857 



Gene 



Function 



COX-2 

Ferritin H chain 
* 5- Lipoxygenase 
1 2- Lipoxygenase 
inducible NO-Synthase 
Mn SOD 

NAD{P)H quinone oxidoreductase 

(DT-diapliorase) 
Pliospholipase A2 

Cell-surface receptors 
Al adenosine receptor 
Bradikinin Bl -Receptor 
*CD23 
CD69 

Gall Receptor 

Lox-1 

Mdrl 

Neuropeptide Y Yl -receptor 
PAF receptor 1 
RAGE- receptor for advanced 
glycation end products 

Regulators of apoptosis 

Bfll/Al 

Bcl-xL 

Nrl3 

cCD95 (Fas) 
Fas-Ligand 
lAPs 
IEX-\h 

Growth factors and their modulators 

G-CSF 

GM-CSF 

♦IGFBP-1 

IGFBP-2 

M-CSF (CSF-1) 

PDGF B chain 

Proenkephalin 

*Thrombospondin 

VEGF C 

Early response genes 

p22/PRGl 

p62 

Transcription factors 

A20 

c-myb 

c-myc 

c-rel 

IRF-1 

IRF-2 

U-Ba 

junB 

njkh2 

njkhj 

p53 

Viruses 

Adenovirus (E3 region) 
Avian Leukosis Virus 
Bovine Leukemia Virus 
CMV 

EBV (Wp promoter) 
HIV-1 

HSV 

JC Virus 

Measles virus 

SIV 

SV-40 

Enzymes 

*Ceramide glycosyl transferase 
Collagenase 1 



Cyclooxygenase, prostaglandin endoperoxide synthase 
Iron storage protein 

Arachidonic acid metabolic enzyme, leukotriene synthesis 
Arachidonic acid metabolic enzyme 
NO synthesis 
Superoxide dismutase 
Bioreductive enzyme 

Fatty acid metabolism 

Pleiotropic physiological effects 

Pleiotropic physiological effects 

Cell-surface molecule 

Lectin mainly on activated T cells 

Galanine receptor, neuroendocrine peptide 

Receptor for Oxidized low density lipoprotein 

Multiple drug resistance mediator (P-glycoprotein) 

Pleiotropic physiological effects 

Platelet activator receptor 

Receptor for Advanced Glycation End products 



Pro-survival BcI-2 homologue 
Pro-survival Bcl-2 homologue 
Pro-survival Bcl-2 homologue 
Pro-apoptotic receptor 
Inducer of apoptosis 
Inhibitors of Apoptosis 
Immediate early gene 

Granulocyte Colony Stimulating Factor 
Granulocyte Macrophage Colony Stimulating Factor 
Insulin-like growth factor binding protein- 1 
insulin-like growth factor binding protein-2 
Macrophage Colony Stimulating Factor 
Platelet-Derived Growth Factor 
Hormone 

Matrix glycoprotein t 

Vascular Endothelial Growth Factor 

Rat homology of I EX 

Non-proteasomal multi-ubiquitin chain binding protein 

TNF-inducible zinc finger 

Proto-oncogene 

Proto-oncogene 

Proto-oncogene 

Interferon regulatory factor- 1 

Interferon regulatory factor-2 

Inhibitor of Rel/NF-K-B 

Proto-oncogene 
NF-kB pi 00 precursor 
NF-kB pi 05 precursor 
Tumor suppressor 

Adenovirus 

Causes avian leukosis 

Causes bovine leukemia 

Cytomegalovirus 

Epstein-Barr virus 

Human immunodeficiency virus 

Herpes simplex virus 
Polyoma virus 
Causes measles 

Simian immunodeficiency virus 
Simian virus 40 

Glycosphingolipid 
Matrix metalloproteinase 



Reference 



Yamamoto et al., 1995 
Kwak et ai, 1995 
Chopra et al., 1992 
Arakawa et al., 1995 
Geller et ai, 1993 
Das et al., 1995 
Yao and O'Dwyer, 1995 

Morn et ai, 1994 

Nie et al., 1998 
Ni et ai, 1998 
Tinnell et ai, 1998 
Lopez-Cabrera et al., 1995 
Lorimer et ai, 1997 
Nagase et ai, 1998 
Zhou and Kuo, 1997 
Musso et ai, 1997 
Mutoh et ai, 1994 
Li and Schmidt, 1997 



Grumont et ai, 1999; Zong et ai, 1999 

Chen et ai, 1999; Lee et ai, 1999b 

Lee et ai, 1999 

Chan et ai, 1999 

Matsui et ai, 1998 

You et ai, 1997; Stehlik et ai, 1998 

Wu et ai, 1998 

Nishizawa and Nagata, 1990 
Schreck and Baeuerle, 1990 
Lang et ai, 1999 
Cazals et ai, 1999 
Brach et ai, 1991b 
Khachigian et ai, 1995 
Rattner et ai, 1991 
Adolph et ai, 1997 
Chilov el ai, 1997 



Schafer et ai, 1998* 
Vadlamudi and Shin, 



1998 



Krikos ei ai, 1992 

Toth et ai, 1995 

Duyao et ai, 1992 

Hannink and Temin, 1990 

Harada et ai, 1994 

Harada et ai, 1994 

Haskill et ai, 1991; Sun et ai, 1993; 

deMartin et ai, 1993 
Brown et ai, 1995 
Lombardi et ai, 1995 
Ten et ai, mi 
Wu and Lozano, 1994 

Williams et ai, J990 
Bowers et ai, 1996 
Brooks et ai, 1995 
Sambucetti et ai, 1989 
Sugano et ai, 1997 
Nabel and Baltimore, 1987; 

Griffin et ai, 1989 
Rong et ai, 1992 
Ranganathan and Khalili, 1993 
Harcourt et ai, 1999 
Bellas et ai, 1993 
Kanno et ai, 1989 

Ichikawa et ai, 1998 
Vincenti et ai, 1998 
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Table 2 continued 



Gene 



Function 



Reference 



*DihydrodioI dehydrogenase 

♦GAD67 

Gelatinase B 

GSTPl-1 

Glucosel-6-phosphate dehydrogenase 
♦ HO- 1 

Hyaluronan synthase 
Lysozyme 

*PTGIS, prostaglandin synthase 

Transglutaminase 

*Xanthine Oxidase 

Miscellaneous 

alpha- 1 acid glycoprotein 

ApoHpoprotein C III 

*Biglycan 

Cyclin Dl 

♦Cyclin D3 

Factor VIII 

Galectin 3 

HMG14 

K3 Keratin 

Laminin B2 Chain 

Mtsl 

*Pax8 

*UCP-2 

Vimentin 

Wilm s Tumor Supressor Gene 
ocl-anti trypsin 

Where possible, the first publication to report 
regions, but further experiments are required 



Oxidoreductase, oxidation of trans-hydodiols 

Glutamic acid decarboxylase 

Matrix metalloproteinase 

Glutathione transferase 

Hexose monophosphate 

Hemeoxygenase 

Synthesizes hyaluronic acid 

Hydrolyzes bacterial cell walls 

Prostaglandin synthase 

Forms isopeptide bonds 

Oxidative metabolism of purines 

Serum protein 
Apoprotein of HDL 
Connective tissue proteoglycan 
Cell-cycle regulation 
Cell-cycle regulation 
Hemostasis 

^-galactosidase-binding lectin 
High mobility group 14 
Intermediate filament protein 
Basement membrane protein 
Multiple tumor suppressor 
Paired box gene 
Uncoupling protein-2 
Intermediate filament protein 
Tumor suppressor 
Protease inhibitor 



Ciaccio et al., 1996 
Szabo et al., 1996 
He, 1996 
Xia et al., 1996* 
Garcia-Nogales et al., 1999 
Lavrovsky et al., 1994 
Ohkawa et a/., 1999 
Phi van, 1996 
Yokoyama et al., 1996 
Mirza et al., 1997 
Xu et al., 1996 

Mejdoubi et al., 1999 

Gruber et al., 1994 

Ungefroren and Krull, 1996 

Guttridge et al., 1999; Hinz et al., 1999 

Wang £-/ al., 1996b 

Figueiredo and Brownlee, 1995 

Hsu et al., 1996 

Walker and Enrietto, 1996 

Wu et al., 1994 

Richardson et al., 1995 

Tulchinsky et al, 1997 

Okladnova et ai, 1997 

Lee et ai, 1999a 

LiUenbaum et ai, 1990 

Dehbi ei al., 1998 

Ray et ai, 1995 



the data is given as a reference. *Genes contain NF-/cB 
to prove their functionality 



binding sites in their promoter/enhancer 



by therapeutic drugs, including various chemothera- 
peutic agents (Table 1). One may speculate that the 
activators and the target genes of this multifunctional 
transcription factor have co-evolved. While environ- 
mental stresses and xenobiotics activate NF-kB, its 
target genes include many cell surface receptors, among 
them the mdr-1 gene, which encodes the multiple drug 
resistance mediator. Likewise, while modified proteins 
such as advanced glycated end products (AGEs) induce 
NF-fcB (Table 1), the AGE receptor (RAGE) is an NF- 
kB target gene (Table 2). 

Another recently recognized cellular stress has been 
termed the ER-Overload Response (Pahl and Baeuerle 
1997a, 1997b; Pahl, 1999). ER-overload arises from an 
accumulation of proteins within the endoplasmic 
reticulum (ER). It can occur under a variety of 
circumstances: 

(1) a sudden increase in the production of proteins 
which enter the ER, for example during viral 
infection; 

(2) drugs which interfere with ER function thereby 
leading to protein accumulation in the orga- 
nelle; 

(3) production of mutant proteins, which cannot 
fold correctly and thus accumulate in the ER; 
and 

(4) an overproduction of wild-type proteins, for 
example during transient transfection experi- 
ments, which overwhelm the ER folding/ 
processing machinery and therefore also accu- 
mulate in the organelle (Table 1). 

Agents eliciting the ER-Overload Response thus 
appear under various categories in Table 1 . 



Cellular stress can result in the most drastic form of 
cellular self defense, namely programmed cell death or 
apoptosis. It is now clear that NF-fcB can exert both 
pro- and anti-apoptotic effects in different cells types 
(Barkett and Gilmore, 1999, this issue). The observa- 
tion that several stimuli, among them tumor necrosis 
factor a (TNFa) and binding to the IgM receptor (or 
cross linking of the receptor with antibodies), can lead 
both to NF-kB activation (Table 1) and to apoptosis 
(Laster et al., 1988; Hasbold and Klaus, 1990) 
suggested that NF-kB induction was pro-apoptotic. 
Furthermore, both cross-linking of the Fas-receptor by 
anti-Fas antibodies and binding of the Trail receptors 1 
and 2 stimulate NF-kB (Table 1). Moreover, both the 
Fas-receptor and its ligand are encoded by NF-kB 
target genes (Table 2). However, cells derived from 
RelA knockout mice are more susceptible to apoptosis 
induced by various agents, including TNFa (Beg and 
Baltimore, 1996; Van Antwerp et al., 1996; Wang et 
al., 1996a). Likewise, binding of the Trail receptor-4 
induces NF-kB but prevents Trail-mediated apoptosis 
(Degli-Esposti et al., 1997), and inhibition of NF-kB 
restores drug-induced apoptosis sensitivity to certain 
drug-resistant primary leukemic cells and leukemic cell 
lines (Jeremias et al., 1998). These data, together with 
the identification of pro-survival bcl-2 homologs, Bfll/ 
AI, Bc1-Xl and Nrl3, and inhibitors of apoptosis 
(lAPs) as NF-kB target genes (Table 2), suggest that 
NF-fcB activation is anti-apoptotic in several cell types. 

Consistent with a pro-surivival activity for NF-kB, 
several mitogens and growth factors stimulate NF-kB 
(Table 1) or are induced by NF-kB (Table 2). Some of 
these mitogens, such as M-CSF and PDGF, appear to 
act via an autocrine loop: they activate NF-kB which 
in turn stimulates transcription of the growth factor 
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gene. Because mitogens and growth factors stimulate 
NF-/cB activity it is logical that several early response 
genes are also regulated by this transcription factor 
(Table 2). Thus, in addition to immune modulation 
and the more general stress response, NF-kB appears 
to promote cell survival. Teleologicaliy speaking, it 
may 'make sense' to couple a stress response factor to 
anti-apoptotic pathways. This central coordinator 
evokes an effective response against the stress and 
ensures that the cell does not succumb in the process. 

Many physiological mediators that bear no apparent 
connection to stress responses also activate NF-kB 
(Table 1). Among these mediators are several, such as 
PAF and Bradikinin, that activate NF-kB and whose 
receptors are NF-/cB target genes (Table 2), Perhaps 
these mediators are released under conditions which 
have not been recognized or categorized as 'stress'. 
This, however, is only a question of definition. 

Of the many chemical agents that induce NF-kB 
activity (Table 1), most elicit stress of some sort. 
Cycloheximide, for example, inhibits protein synthesis, 
while tunicamycin, brefeldin A, 2-deoxyglucose and 
monensin disrupt ER function, thereby eliciting ER- 
overload. Nocodazol, calchicine, podophyllotoxin and 
vinblastin interfere with microtubule function (Rosette 
and Karin, 1995). Systematic screening of chemical 
libraries would surely unearth a plethora of additional 
agents that induce NF-kB, perhaps by interfering with 
vital cell functions, thereby causing stress. 

In addition to the response genes already discussed, 
NF-kB activation leads to the transcriptional induction 
of various transcription factor genes, some themselves 
members of the Rel/NF-KB/IfcB family. In this way, 
NF-kB limits its own activation, in that NF-kB 
activation results in the new synthesis of its inhibitor 
IkB (Table 2). Newly-synthesized IkB can enter the 
nucleus and dislodge active NF-kB from its DNA 
binding site (Zabel and Baeuerle, 1990, Zabel et ai, 
1993). Thus, in most cell types, NF-kB activation is 
transient. However, because NF-kB can induce the 
transcription of other transcription factors, for instance 
the proto-oncogene c-myc and the tumor suppressor 
p53, an initial NF-fcB activation may indirectly induce 
the transcription of many more genes than the 
identified 150 targets. 

Thus, a more detailed look at inducers and targets 
of NF-kB suggests that this transcription factor is 
more than a mediator of the immune response. It 
appears that NF-kB is activated and induces responses 
to various forms of cell stress and should therefore 
more generally be termed a 'central mediator of human 
stress response'. In this context it is interesting to note 
that certain well-studied stress situations, such as heat 
shock and the unfolded protein response, do not 
activate NF-/cB. NF-kB activity, therefore, appears 
reserved for select but widely varied stresses. 



New roles for NF-kB? 

There are many NF-kB target genes whose properties 
and function defy classification (listed under Enzymes 
and Miscellaneous in Table 2). Several of these target 
genes, such as vimentin, laminin, coUagenase and 
gelatinase, appear to involve NF-kB in the regulation 
of cell structure and micro-environment. Such an 



adaptation response may also serve to reduce cell 
stress, however, more data are required to evaluate a 
role for NF-kB in these processes. Likewise, the 
observations that NF-kB regulates transcription of 
the cyclin Dl gene (Guttridge et al„ 1999; Hinz et aL, 
1999) and may also participate in cyclin D3 gene 
transcription (Wang et ai, 1996b) are very intriguing. 
If NF-kB controls cyclin transcription, this would 
implicate NF-kB in cell-cycle progression. However, 
more data are required to substantiate this idea. 



Specificity of the NF-kB response 

NF-kB participates in the transcription of over 150 
target genes. Are all activated when NF-kB is induced? 
How can this transcription factor maintain any 
selectivity or specificity? 

For NF-kB activation the selectivity resides mainly in 
the cell type targeted. Not all cell types respond equally 
to a given stimulus, either because they lack the cognate 
receptor or because they lack the required signal 
transduction molecules (discussed in Karin. 1999, this 
issue). Thus, not every stimulus listed in Table 1 will 
activate NF-kB in every cell type examined. 

Several different mechanisms confer selectivity on 
the transcriptional response to NF-kB activation. 
These include: 

(1) the combinatorial response of promoter/enhan- 
cer regions, and 

(2) The selective activation and binding of indivi- 
dual RcI/NF-kB proteins. 

The combinatorial response 

The promoter/enhancer regions of most genes contain 
more than one transcription factor response element. 
Therefore, more than one transcription factor is 
usually required to induce eff'ective transcription of a 
given gene. For the target genes listed in Table 2, NF- 
kB activity is necessary for efficient transcription. Thus, 
mutation of the kB site abrogates transcription of these 
promoters. However, NF-kB may not be sufficient for 
full transcription, as other transcription factors are also 
required. This combinatorial regulation of transcrip- 
tion provides specificity to a given response. While a 
given stimulus may activate NF-kB, if it fails to 
activate additional transcription factors, the target gene 
will not be transcribed fully. 

We have demonstrated such selectivity using stably 
transfected cell lines, which express a chimeric p50/ 
VP 16 protein. In this fusion protein, the p50 DNA- 
binding domain confers specific binding to kB sites, 
while the HSV VP16 transactivation domain provides 
potent transcriptional activation. Expression of the 
p50/VP16 protein was placed under the control of a 
tetracycline repressable promoter in CMS-5 fibroblast 
cells. While induction of p50/VP16 was sufficient to 
activate transcription of the GM-CSF gene in these 
cells, transcription of the NF-kB target genes IL-1, IL- 
2 and IL-6 was not induced (Meerpohl and Pahl, 
unpublished observations). Thus, despite the almost 
overwhelming number of NF-kB target genes, the 
individual gene is selectively activated under specific 
circumstances. 
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Selective activation of ReljNF-KB family members 

The various members of the RcI/NF-kB family differ in 
their preference for specific DNA-binding sites 
(Kunsch et ai, 1992). Using random oligonucleotides 
and a DNA-binding assay, Kunsch et ai (1992) 
selected optimal DNA-binding sites for p50, RelA 
and c-Rel, as homodimers. The preferred binding site 
differs for each homodimer. Not surprisingly, such 
specificity is also seen in vivo. For example, several NF- 
fcB target genes have been reported to contain binding 
sites that preferentially bound by RelA homodimers 
(e.g., ICAM-1 (Ledebur and Parks, 1995) and IL-4 
(Casolaro et aL, 1995)). 

Thus, the availability of different Rel/NF-KB hetero- 
and homodimers, whose synthesis and activation may 
be controlled by distinct signal transduction pathways, 
provides an additional level of selectivity in NF-kB- 
mediated gene transcription. 



Demonstration of NF-kB activation and discovery of 
target genes 

The simplest and most reliable assay to demonstrate 
NF-kB activation is the electrophoretic mobility shift 
assay (EMSA, (Miiller et al., 1997)). When combined 
with the appropriate controls, i.e. unstimulated control 
cells, as well as competition and supershift assays, the 
EMSA is both sensitive and accurate. Transient 
transfection experiments using a kB site-driven 
reporter gene are also frequently used. The appro- 
priate controls include either a reporter gene lacking 
the fcB sites, or, even better, a reporter gene preceded 
by mutated fcB sites. Inhibition of reporter gene 
expression by co-transfection of an expression vector 
for the NF-kB inhibitor IkB provides an additional 
confirmation of specificity. All of the inducers listed in 
Table 1 have been demonstrated to activate NF-kB 
using one of these assays. 

What makes a gene an NF-kB target gene? Not all 
genes listed in Table 2 are bona fide NF-kB target 
genes. That is, genes in Table 2 preceded by an asterisk 
merely contain a putative NF-kB binding site in their 
promoter/enhancer region. To establish that a gene is 
truly regulated by NF-kB, the following experiments 
must be performed: 

(1) NF-kB binding to the putative DNA site must 
be shown in an EMSA, preferably using cell 
extracts from a tissue which usually expresses 
the gene under investigation, and 
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(2) the promoter/enhancer region must be cloned in 
front of a reporter gene and functional 
importance of the kB site must be demon- 
strated by mutagenesis. 

These two experiments are required before a gene 
can be considered an NF-kB target. However, these 
data can be misleading if, for example, NF-kB can 
bind to a DNA sequence, but this site or adjacent 
sequences are occupied by other proteins in vivo. In 
such a scenario, NF-kB would bind the isolated site in 
vitro in an EMSA. Mutation of this site would result in 
a loss of function in reporter gene assays, but only 
because binding of the adjacent unidentified protein is 
lost. Therefore, for final proof of NF-kB involvement, 
in vivo DNA footprinting of the site should be 
performed. This, however, has not been done for the 
majority of the target genes listed in Table 2. 
Nevertheless, the vast majority of these genes are 
expected to be true NF-kB target genes. Moreover, it is 
likely that cDNA microarray technologies and genomic 
sequencing will identify many other NF-/cB target 
genes. 



Summary 

This article lists and categorizes the known inducers 
and target genes of the pleiotropic transcription factor 
NF-kB known to date. Compilation of these data 
reveals that the vast majority of NF-kB inducing 
agents or conditions represent a form of stress to cells. 
In response, many NF-kB target genes function to 
alleviate cell stress. In addition, NF-kB has recently 
been shown to inhibit apoptosis in several cell types. 
Therefore, NF-kB may act as a central integrator of 
stress responses and cell survival pathways. The rapid 
rate at which new NF-kB inducers and target genes are 
being identified suggests that this transcription factor 
may coordinate additional cellular functions. 
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